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PREFACE

The purpose of this report is to provide guidance to design engi-

neers and planners to minimize the damage from seismically induced soil

liquefaction . The repo~t treats liquefaction in detail and presents a

guide for evaluation of liquefaction risk potential. It is not the

intent of the report to be a design manual nor to be a state-of-the-art

review . Hopefully, it lies somewhere between the two. Much data have

been reviewed and presented to give the reader an appreciation of the

complexity of the problem . Guidance and recommendations are given to

assist in the interpretation and use of the information . Significant

portions of this report have been previously published by the U.S.

Department of Transportation , Federal Highway Administration , Washing-
U ton , D.C. in FHWA -RD 77-127 , “Determination of Seismically Induced Soil
U 

Liquefaction Potential at Proposed Bridge Sites ,” by J. M. Ferritto and

J. B. Forrest.
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Chapter 1

INTRODUCTION

Cohesionless soils that may provide adequate structura l support
under ordinary circumstances may liquefy and settle during an earthquake .
When liquefaction occurs , settlements may be increased by at least one
order of magnitude over static settlements . The design engineer is
particularl y interested in the differential ground settlement caused by
earthquakes. When a loose sand is subjected to seismically induced
vibratory motion , it tends to decrease in volume . If it is saturated
and drainage is impeded due to permeability limitations , then some of
the interparticle stress is transferred to the water. The transferred
load causes a rise in the pore water pressure (generally, the higher the
intensity of vibration , the greater the potential for increase in pore
water pressure). As the pore pressure approaches the confining pressure
on a cohesionless soil , all shear resistance is lost. As a consequence
the soil may settle , causing severe structura l damage .

Soil borings taken at a site to provide information on existing
soil conditions can , with proper analysis , give an indication of the
liquefaction potential in earthquake-prone regions. However , a foundation
system is normally designed to support the structure only under static
loads . When soil liquefaction potential exists , the engineer generally
has no means by which to evaluate the associated structural hazard (risk
assessment) that could be caused by the earthquake .

Early quantitative studies of liquefaction generally pertained to
natural earth slopes which became unstable from a gradual rise in the
water table or tidal fluctuations which caused excess seepage pressures.
Generally, a massive flow slide would begin , and the soil would come to
rest only when the slope angle had been reduced to a few degrees. To
explain this phenomenon Casagrande (1936) proposed the “critical void
ratio” concept. Subsequently, following extensive studies of numerous
flow slides along the banks of the Mississippi River , empirical rules
were developed by the Corps of Engineers to predict the likelihood of
occurrence of such flow slides.

1



During the last 10 to iS years , the term “liquefaction ” has been
extended to include soil behavior under cyclic load in g conditio ns caused
by ea r th quake v ib r a t i o n s .  W h i l e  thc end resu l t  - loss of soi l  s t rength  -
is the same whether caused by static or dynamic loading, the shear
stresses leading to liquefaction under cyclic loading conditions may be
much l ower than those required to cause li quefaction under static loading
conditions . Under continuous vibrations cyclic stresses cause an incre-
mental buildup of pore pressure which progressively reduces the effective
strength.

The strength that a sand can mobilize to resist shearing along a
given plane depends on the effective or intergranu lar pressure on the
p lane and the effective coefficient of friction. The shearing resis-
tance or strength I

~ 
may be written

T
f 

= a ’ tan 4 ’

in which a’ is the effective stress and 4’  is the effective angle of
internal friction . In a saturated sand the intergranular norma l stress
a’ is defined as

a’ = a - u

where 0 = the total norma l stress

u = the pore water pressure

Then

= (a - u) tan 4 ’

If water pressure u increases , while the total stress a remains constant , U
the shear strength I

~ 
across any plane of failure decreases independent

of the friction angle 4’ . When u = a, the = 0; the sand has lost
all its shear strength and is said to have liquefied. The sand is some-
times considered to have liquefied when large strains occur under applied
loads. In soil mechanics practice , the term “soil liquefaction ” may be
defined by two criteria. One defines liquefaction in terms of loss of
strength and material transformation of a granular material into a fluid.
An alternate definition is expressed in terms of the amount of strain or
deformation that is unacceptable from a structural viewpoint

.2



GENERAL PROCEDURE FOR EVALUATING SOIL  LIQUEFACTION POTENTIAL

The method proposed by Seed and Idriss ( 1970 ) summarizes  the u sua l
engineering approach.

1. After establishing the soil conditions and the design
earth quake , determ ine the time history of shear stresses
induced by the earthqua l- e ground motions at different depths
within the deposits.

2. By appropriate weighting of the stress levels
involved in the various stress cycles throughout the earth-
quake , convert the stress history into an equivalent number
of uniform stress cycles and plot the equivalent uniform
stress leve l as a function of depth as shown in Figure 1-1.
By this means the intensity of ground shaking, the duration U
of shaking, and the variation of shear stress with depth
within the deposit are taken into account.

3. By means of laboratory soil tests data , determine
the cyclic shear stresses which would have to be developed
at various depths to cause liquefaction in the same number
of stress cycles as that determined in step (2), repre—
sentative of the particular earthquake under consideration.
The stress level required to cause failure under the equiva-
lent number of cycles may then be plotted as a function of
depth as shown in Figure 1-1.

4. By comparing the shear stresses induced by the
earth quake with those required to cause liquefaction , deter-
mine whether any zone exists within the deposit where
liquefaction can be expected to occur (induced stresses
exceed those causing failure).

REFERENCES , CHAPTER 1

Casagrande , A. (1936) “Characteristics of cohesionless soils affecting
the stability of slopes and earth fills ,” Contributions to Soil Mechanics ,
1925-1940. Boston , Mass., Boston Society of Civil Engineering , 1940.

Seed , Fl . B., and Idriss , I. M . (1970) “A simplified procedure for
evaluating soil liquefaction potential ,” Journal of the Soil Mechanics
and Foundations Division , ASCE , vol 97, no. SM9, Sep 1970, pp 1249-1274.
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C h a p t e r  2

SOIL PARAMETERS AFFECTING LIQUEFACTION -

LIQUEFACTION PHENO MENA

The i n t r o d u c t o ry po r t i on  o f t h i s  chapte r is d i r ec t ed  toward  the
reader  w ho does not have f i r s t - h a n d  f a m i l i a r i t y  wi th  soil response.  To
provide  a bet te r unde r s t and ing  of the behavior  of s a t u r a t e d  g r a n u l a r
soi l s under load , typical  test data  on both q u a s i - s t a t i c  (monoton ic )  and
c y c l i c a l l y loaded so i l  speci mens are discussed . This w i l l  pro v ide
i n s i g ht in to  the u n d r a i n e d  shear behavior  and l i q u e f a c t i o n  of sa tu ra ted
sands a nd provide a n unde r s t and ing  of the l i q u e f a c t i o n  p heno menon more
s a t i s f a c t o r i l y t haa t h a t  commu n icated by a t t empts at. gene ra l i zed  or
a b s t r a c t  d e f i n i t i o ns.

M o n o t o n i c  Loading

Consider  f i r s t  the response of a s a tu r a t ed  sand under  monoton ic
loadi ng in  a s t anda rd  undra ined  t r i a x i a l  compression t e s t .  Three d i f f e r -
ent types of material response (such as that presented by Castro 1969)
w i l l  be i l l u s t r a t ed  q u a l i t a t ivel y ( Figures  2-1 and 2-2)  to show the
behav io r  of three specimens of sand at low , moderate , a nd h igh r e l a t i ve
de n s i t i e s .  Unde r in creas ing v e r t i c a l (de v i a t o r ) st ress , each o f these
spec imens  e x h i b i t s  a di f f e r e n t  type of behavior , depe n d i n g  u pon i t s
vo l u m e t r i c  s t r a i n - s h e a r  s t ress  coup 1ing  wh i ch is , in t u r n , a f un c t i o n of
i ts in i t i a l  dens i ty . The densest sample , test  3 , does n ot u ndergo
li que f a c t i o n , but  ex h i b i t s  an i n i t i a l  sha rp r ise in pore pressure  w i t h
a x i a l  s t r a i n  (Figure  2 — I b ) ;  t h i s  corresponds to a decrease in e f f e c t i v e
stress (Figu re 2 —2)  and a reduct ion in s t i f f n e s s  (devia tor  s t ress)
( F i g u r e  2 - l a ) .  The pore pressure  r ise and loss in s t if f n e s s  is re l a t ed
to t he tendency fo r  the sand to i n i t i a l l y  compress under  app l i ed  shear
st ress. At l a rger  s t r a i n s , t he v o l u m e t r i c  s t r a i n - s h e a r  s t r a i n  coup l ing
inherent  in g r a n u l a r  m a t e r i a l s  causes- volume d i l a t i o n  to occur w i t h
a t t en da nt  r educ t ion in po re p ress ur es (Figu re 2 - l b ) ,  increase in effec-
tive stress (Figure 2-2), and some increase in stiffness (see Figure
2 - l a ) .
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Test 1 is an example of “ u n l im i t ed  f low . ” The speci men e x h i b i t s
response behavio r s i m i l a r  to tha t  shown in test 3 up to the commencement
of y ie ld i ng (Figure  2 - l a ) .  Beyond th is  point , t he specime n i n test  1 ,
because of i ts loose ccndition , does not. dilate ; hence , the pore water
pressu re  approaches the i n i t i a l  confining chamber pressure , and the
st rength f a l l s  o f f  d r ama t i ca l l y.

The phenomenon of “limited flow” is demonstrated in test 2. In
this test , initial specimen yielding (Figure 2—la) did not occur until a
considerable amount of strain (volumetric dilation) had occurred . This
behavior is attributed to the fact that the density of the specimen was
sli ghtly looser than the specimen of test 3. At large axial strain , the
test 2 specimen starts to dilat~ , causing a recovery of effective stress
(Figure 2-2) and a re-establishment of some vertical load stiffness
(Figure 2-la).

Cyclic Loading Without Stress Reversal

Cyclically loaded tests demonstrate a different type of pore pressure
generation and strength loss from those of monotonic tests. Figure 2-3
shows comp lete loss of effective stress , or unlimited flow , during
cyclic loading of two triaxial specimens without stress reversal. With
each app lication and release of the deviator stress , a residua l pore
pressure is generated , which results in an incremental reduction in the
effective confining pressure . Following a certain number of cycles ,
depending upon the initial value of effective confining stress and the
deviator (shear) stress level , a liquefaction condition is encountered ,
where the effective confining pressure is reduced to zero . It is inter-
esting to note that the wavy lines in Figure 2-3 represent the yield
envelope for these soil specimens ; that is , the maximum obliquity or the
shear-stress/normal-stress relationshi p for the material at failure .
Such tests can also demonstrate “limited flow .” The result s of such a
test are shown in Figure 2-4. During the first cycle of deviator loading
(Path Oj-s_l) the specimen liquefied at a deviator stress of about
100 kN/m and then restabilizec by a dilation-associated increase in
effective confining stress. Thereafter , the specimen remained within
the stable domain as indicated by later load cycles (shown by numbers on
the di.gram). The reduction in deviator stress noted between successive

U cycles in Figure 2-4 is a result of the constant deviator load app l ied
to a cross-sectiona l area that is increasing due to specimen deformation .

Information such as the foregoing has been used to support the
conclusion that shear-stress reversals are necessary to produce repeated
occurrences of liquefaction during cyclic loading (Seed and Lee , 1969).

7
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Figure 2—3. Liquefaction and unlimited flow generated by cyclic
load ing (stress paths from cyclically loaded triaxial com-

pression tests without stress reversals). (Data from
L. 1. Youd , 1975 , in work published by Earth-

quake Engineering Research institute.)
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pression tes t  wi thou t stress reversa ls ;  l i q u e f a c t i o n  and

l imi ted  f low occu rred onl y d u r i n g  f irst loading (data
found  in L.  T. Youd , 1975 , in work pub l i shed  b y

E a r t h quake Engineer ing  Resea rch  I n s t i t u t e) . 8



It is interesting to consider Figure 2-4 in another context; the
strai ght lines sloping upwa rd from point 0 represent constant values of
a parameter equivalent to Skempton ’s pore pressure parameter A. It is
noted that , under initial loading , the value of A is approximatel y 0 (no
pore pressure generation) and then increases to a value >1.0 (pore
pressure generated faster than applied deviator stress) just prior to
liquefaction (the specimen is attempting to compress). Thereafter , the
specimen maintains an A value of about -0.5 during continued cycling .
This latter implies that during application of compressive deviator
load , the specimen is , in fact , dilating - hence , causing a negative
change or reduction in pore pressure . During the unloading portion of
the cycle , the specimen recovers some of its volume expansion , causing
an increase in pore pressure . This is interesting in that it is not the
norma l behavior experienced under monotonic triaxial shear testing.

Cyclic Loading With Stress Reversal

In cyclic triaxial tests with stress reversals (i.e., those
incorporating alternating tensile and compressive deviator stress), a
type of limited flow referred to by Castro (1969) a~s cyclic mobility, is
exhibited . A record from this type of test is shown in Figure 2-5. In

U this test the effective confining stresses are incrementally reduced by
the increases in residua l pore pressure with each load cycle. At some
point , often during an extensiona l cycle , the effective confining stresses
approach zero and liquefaction occurs . The specimen deforms rapidly ,
but then resolidifies from a dilatency-associated decrease in pore
pressure . Upon the ensuing compressional cycle , the specimen again
undergoes a period of limited flow , generally near peak deviator stress
leve l , following which the specimen may again regain strength by a
dilation—associated increase in effective stress. In this manner cyclic
triaxial tests may undergo increasing ly larger alternating vertical
strain increments with each half-cycle , until the integrity of the
specimen is completely destroyed.

The response of the soil specimen shown in Figure 2-5 suggests an
initial value of an equivalent Skempton pore pressure coefficient A~
during a double-amplitude strain cycle of about 0.2. This factor then

U increases progressively up to about 0.5 at large strain amplitudes.
Replotting the data of Figure 2-5 in Figure 2-6 shows one interpretation
of what is occurring in detail. The specimen , initially under an effec-
tive stress U

3 
undergoes a gradua l increase in pore pressure , resulting

in a decrease in average effective confining stress. At the same

*Skempton ’s A was not defined for situations involving stress reversals.
The use of an equivalent “A” is introduced here as an aid to charac-
terizing the soil response.

9
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time , the pore pressure coefficient A is gradually increasing, reducing
the amplitudes of the vertical stress oscillations but increasing the
tnagnitude of the latera l stress oscillations . At some point (noted in
Figure 2-6 and in this example during an extensiona l cycle), the effec-
tive stress value attempts to go into tension. Since granular material
has no effective tensile strength , unrestrained deformation commences.

This way of looking at deformations during cyclic loading can
provide additional insi ght into the complexity of soil response. For
examp le , traditional interpretation of triaxial test results has indi-
cated a strong relationship between strength and ratio of effective
principal stresses . This ratio is a direct function of the total applied
stress levels and the pore water pressure parameter A. For example , for
typical cyclic triaxial tests (Seed and Lee , 1966) values of equivalent
A less than 0.5 would mean a greater effective principal stress ratio
during the extensiona l phase of the loading cycle than during the com-
pressiona l phase. Hence , such specimens would be expected to commence
undergoing large deformations first in tension. Figure 2-7 shows results
from shake table tests (DeAlba , Chan , and Seed , 1975) on a medium dense
sand layer under a uniform vertical surcharge following the occurrence
of cyclic mobility. The motion of the table is shown in Figure 2-7 , and
the reponse of the specimen may be visualized in terms of the relative
ballast displacement , Figure 2-7c. The pore pressure level , as well as
the total of confining pressure and back pressure for reference , is
shown in Figure 2—la. This test illustrates the following behavior ,
commencing our observation with the ballast and the table off center at
an extreme position. The table motion changes direction ; and , since
dilation has caused a temporary reduction in pore pressure , the soil
behaves as a solid and imparts a motion on the ballast. As the table
commences to catch up with the ballast , shear strain magnitude is reduced ,
the pore pressure rises , and li quefaction recurs . The ballast then
remains essentially stationary until the table has passed through its
center position and has again exerted a large relative deformation upon
the sand — causing dilation , reduction of pore pressure , and regain of
strength. The reverse of the table motion then imparts a new impulse to
the ballast through the resolidified soil , and the reverse portion of
the loading cycle occurs . Thereafter the cycle is repeated .

Although various other types of apparatus are available for studying
liquefaction , the foregoing explanations serve to illustrate the most
pertinent characteristics of laboratory behavior.

PARAMETERS DIRECTLY ASSOCIATED WITH LIQUEFACTION

The foregoing discussion dealt with some of the characteristics of
Lique faction behavior. Some of the specific soil parameters involved
will be considered individually .
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Test 68-3 , D~ = 68%

Fi gure 2 — 7 .  Spec imen  behavior a ft e r  li q u e f a c t i o n  ( f rom DeAlba ,
Chan , and Seed , 1975 ) .
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The major factors associa ted w i t h  the l i q u e f a c t i o n  of s a t u r a t e d
cohesionless soils appear to be: initial relative density, cyclic shear
stress leve l , initial (static) shear stress level , initial effective
confining pressure , drainage conditions , and number of cyclic shear
stress applications , or duration of shaking. Of lesser importance are
soil grain characteristics such as particle size , shape , and gradation .
Soil structure , or fabric , as a result of previous histo ry is known to
be a significant parameter , but it is difficult to define or sometimes
even recognize and , hence , its effects are difficult to quantify .

The foregoing factors reflect the physical properties of the soil ,
the initial stress conditions , stratigraph y in the ground , and the cha r-
acteristics of the applied earthquake motions . Many of these items are
difficult to control precisely in the laboratory and impossible to
evaluate reliably in the field. A brief discussion follows on some of
the more significant factors affecting liquefaction.

Dynamic Shear Stress Level

The fundamental concept of liquefaction is based upon the shear-
strain/vo lumetric-strain coupling exhibited by soils. The process of
pore pressure buildup, leading to liquefaction under cyclic loading , is
dependent upon the volumetric strain response under applied shear stres-
ses. The residual increment of pore water pressure generated by an
app lied dynamic shear stress cyc1e is , under undrained conditions ,
related to the shear strain which is , in turn , related to the magnitude
of that stress cycle . In the field , the magnitude of dynamic shear
stress may be ascertained from the acceleration levels , either by rough
approximation or by more sophisticated computer analysis.

In the laboratory , the app lied shear stress levels are defined
according to the type of test . In tri3xial testing the app lied shear
stress is taken as one-half the maximum deviator stress excursion (when
symmetric stress reversals are used). This is the maximum dynamic shear
stress experienced by the specimen and is exerted upon planes oriented
45 degrees from the vertical axis. For the simple shear test the app lied
shear stress is taken as that exerted on horizontal planes; this is not
the maximum value of shear stress exerted upon the specimen. This
situation is similar to that in other types of apparatus such as the
hollow cylinder test. For shake table tests where shear stresses are
app lied by means of inertial forces , the horizontal shear stress varies
slightly throughout the thickness of the specimen and usually is taken
as the horizontal shear stress exerted at the bottom of the specimen.
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L a b o r a t o r y  t e s t i n g  procedures  g e n e r a l l y  s i m u l a t e  s h a k i n g  in on ly
one d i r e c t i o n , where~is ac tua l e a r t h quake  mot ions  may h ave components in

i l l  t h r e e  p r i n c i p a l  d i r e c t i o n s .  The c o n ( iu s i o n  t ha t  the most c r i t i c a l
st resses f rom a l i q u e f a c t i o n  v iewpoi n t  a r i s e  f rom v e r t i c a l l y propagating
horizontal shear waves appear to be relatively satisfactory . Vertical
stress components are not considered significant since these are of a
d ilat ,itiona l nature aiid comp letely absorbed by the pore water. For
dynamic shear loading in a second horizontal direction , work by Pike ,
Char i and Seed (1974) have suggested that the allowable shear stress
ratio should be reduced by 10%.

Ci .ir~icter istics of the Shear Stress Record

Ea rth quake ground motions generally consist of a number of randoml y
distributed peak stress cycles of varying shapes and magnitudes.

Difficulties involved in analyzing the various random earthquake
ground motions have led to an attempt to express earthquake records in
terms of an equivalent number of uniform stress cycles (Lee and Chan ,
1972). The number of significant cycles in a particular earthquake
record depends directly upon the frequency content and the duration of
1 )diJ ,ng . These , in turn , are related to the magnitude of the earthquake ,
the distance to its epicenter , and the nature of the materials through
which the stress waves must propagate.

It has been noted by Peacock and Seed (1968) and Yoshimi and Oh-Oka
(1975) that the frequency of vibration , at least within 0.17 to 12 cps ,
which covers the range of earthquake motions in overburden , is of secondary
import .ince. Actual shape of the stress pulse used in laboratory test
simulations has been found not to be critical; i.e., whether or not it
i s  in  the form of a sine wave , a saw tooth , or other form . It is common
to prese nt  s o i l  s u s c e p t i b i l i t y  to l i q u e f a c t i o n  in terms of number  of
un i f o r m s t ress  cycles causing liquefacti on under a specified level of
i p p l i e d  shear  s t ress , as i n Figures 2-8 and 2-9.  As noted in these
figures the numbe r of stress cycles a specimen can withstand increases
almost exponentially with a decrease in shear stress level for any
constant confining stress l eve l and relative density.

There are some weaknesses in simul ating random earthquake motions
i n  terms of uniform cycles. For example Martin , Finn and Seed (1975)
note that the tendency for dry sands to undergo volume changes is a 

U

direct function r-~f dynamic shea r strain level. But dynamic shear strain
leve l is a function of soil modulus of rigidity G , which in turn depends
upon the etfective confining stress leve l and , hence , the pore water
pressure generated. Since the pore pressure level existing at the time
of application of a specific peak is very important , the relative position
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of a ny peak in a sequence of loading  cycles is si gnificant. The previous
discussion on the effects of stress reversals also suggests that the
peculiar characteristi cs of the loading history (i.e., the symmetry of
the stress record , etc.) may be si gnificant. Ishihara , Tatsuoka. and
Yasuda (1975) note that ground motion inputs in which the maximum peak
occurs early are less critical than input records for which the peaks
are more uniformly distributed (i.e., vibratory as opposed to shock 

U

loadings).

Relative Density

The relative density of a soil appears to be one of the major
factors rega rding liquefaction potential of cohesionless sands. Rela-
tive density is stressed here rather than absolute density since it is
actuall y the pore volume of the soil compared to its minimum and maximum
possible pore volumes that is of significance. The denser a soil , the
lower is its tendency toward volume contraction during shearing ; the
lowe r is the pore pressure which will be generated ; hence , the more
unlikely to liquefy . This increased liquefaction resistance with
increased density is illustrated in Figure 2-8.

Relative density can be controlled in the laboratory using recon-
structed samples; however , in typical field situations with complex
stratification , relative density may lose its meaning . (A factor such
as relative density has meaning only in uniform soil conditions ; actual
experience shows that natura l soil deposits are quite often very hetero-
geneous.)

It is also conceivable that there is an upper limit of relative
density DR ,  above which a soil under field behavior will either no
longe r tend to compress and generate pore pressures or will , immediately
upon commencing yielding , undergo volume increases which prohibit li quefac-
tion . Based on specific site data taken from the 1964 Niigata earthquake ,
Kishida (1969) concludes that these soils are not likely to liquefy at
relative densities above 75%. Although cyclic mobility (temporary loss
of strength) can occur at relative densities up to 100%, it is thought
that negligible distortions occur in this range at least prior to any
drainage or pore water redistribution (Castro and Poulos , 1976).

It is impossible to define an upper limit to D
r 
beyond which lique-

faction will not occur; nevertheless , it appears realistic that for a
value of Dr above about 80%, liquefaction damage could be consideredimprobable.
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F~ : :i rc’ 2—s . Eff c’c t of void ratio (from “Cycl ic Stress Conditions
Causing Li quefaction of Sand ,” by K. L. Lee and Fl . B. Seed ,

1967 , in Journal of Soil Mechanics and Foundations ,
ASCE , v o l .  93 , no . SM1 , Jan 1967) .
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Fi gu re 2— 9. Ef fect of confining pressure (p rom “Cyclic Str ess Conditions
Causing Li quefo tion in Sand ,” by K. L. Lee and H. B. Seed ,

1967 , in .Tournal of Soil Mechanics and Foundations ,
ASCE , vol. 93 , no. SM1 , Jan 1967).
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I n i t i a l  E f f e c t i v e  C o n f i n i n g  S t ress

T h e  r e s i s t a n c e  of a soi l  to l i q u e f a c t i o n  unde r  c y c l i c  l o a d i n g  has
been noted  to be a function of the effective c o n f i n i n g  p r e s s u r e , p r i o r
to app l i c a t i o n  of shea r  (see Fi gure  2 — 9 ) .  A l t h o u g h  l a r g e r  c o n f i n i n g
s t resses  w o u l d  seem to enhance volume decrease and , hence , li quefaction
( a t  leas t  under  monotonic  load ing  c o n d i t i o n s ),  under  c y c l i c  l oad ing  t h i s
is  a p p a r e n t l y  mo re t h a n  o f f s e t  b y o the r  f a c t o r s  such as the  i n c r e a s e d
level to w h i c h  the  pore  p ressu re  mus t  be genera ted  to ach i eve  i n s t a b i l i t y ;
i . e . ,  the  i n c r e a s e d  s t r e n g t h .

Perhaps , f o r  t h i s  reason , f i e l d  o b s e r v a t i o n s  of l i q u e f a c t i o n  of
level  g r o u n d  have g e n e r a l l y been l i m i t e d  to r e l a t i v e l y  s h a l l o w  depths ,
in few cases below 50 or 60 f e e t .  This  is in agreement  w i t h  K i s h i d a
(1969)  who observed in the  1964 N i i ga ta  e a r t h q u a k e  t ha t  l i q u e f a c t i o n  d id
not occur  where e f f e c t i v e  overburden  s t ress  exceeds 2kg/cm 2 (27 p s i ) .
Altho ugh there is a trend toward reduced li quefaction potential at
higher stresses , the observed field cases are very limited and cannot be
expected to apply in all situations . Liquefaction evaluations must not
omit reg ions simpl y because the effective pressure exceeds some empirical
value .

in the isotropicall y consolidated triaxial test the effective con-
fining stress prior to app lication of shear stress is the difference
between the chamber pressure 0

3 and any 
back pressure applied to the

pore fluid. For the simp le shear test , the vertical effective pressure
is generally used to represent the confining stress level. For the U

hollow cy linder tests , all components of the stress vector can , at least
theoreticall y, he controlled so the effective confining stress level is
often defined in terms of the effective volumetric stress , l/3(a~ +

+

Because of the  d i f f i c u l t y  of e s t i m a t i n g  l a t e r a l  s t ress  levels  in
the f i e l d , the v e r t i c a l  e f f e c t i v e  s t ress  is used to d e f i n e  the leve l of

- c o n f i n e m e n t , but  much work  is a v a i l a b l e  (Seed and Peacock , 1971) to
indicate that the ratio of lateral to vertical stress K and , hence , the
true degree of confinement actuall y existing ‘‘~ t” fie?d are of major
importance .

The shear stress level required to c~ ~w faction in remolded
sand specimens at relative density less “ ~0% has been found to vary
linearly wit . h confining stress levels (Seed and Lee , 1966, and Peacock
and Seed , 1968). Therefore it has been found convenient to normalize
the effects of dynamic cyclic shear stress level with the value of
initial effective confining stress. It is important to recognize that
the use of this normalized ratio may not always be app licable to field
conditions , particularly where strongly developed structure or cementa-
tion is present .
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Thus , th i s s imp l i f i c at ion in  tre a tment of l i q u e f a c t i o n  po te n t i a l
may not  be v a l i d  i n  a l l  c i r c u m st a n c e s .  S o i l s  nea r  t h e  g r o u n d  s u r f a c e ,
u n d e r  very s m a l l  degrees of c o n f i n e m e n t  c o u l d  have  r e s i s t a n c e  to l ique-
fa ct i on in excess of t h a t  sugges ted  f r o m  t e s t  r e s u l t s  a c q u i r e d  a t  hi ghe r
c o n f i n i n g  s t r e s s  l eve l s .  T h i s  mi ght  be a s s o c i a t e d  w i t h  m a t e r i a l  f a b r i c
01 s t r u c t u r e , or , in  e f f e c t , e q u i v a l e n t  to a p r e v i o u s  s t r e s s  h i s t o r y  or
o v e r - c o n s o l i d a t i o n  p r e s s u r e . That  t h i s  e x i s t s  fo r  h y d r a u l i c  f i l l  sands
has  been suggested  by t l eehan  (1976) .  For the above reasons , recovered
s o i l  s a m p l e s  as opposed to r e c o n s t i t u t e d  spec imens  a re  p r e f e r r e d  f o r
cyclic shear testing, where possible. Where acqu isition and testing of
un d i s tu rbed samples  are  no t poss ib l e , normalizing shea r stress leve l
w i t h  c o n f i n i n g  s t r e s s , based upon r e c o n s t i t u t e d  samp les is  c o n s e r v a t i v e
i n  the  s u r f a c e  l a y e r s  and now fo rms  a p a r t  of most  s i m p l i f i e d  li q u e f a c t i o n
t r e a t m e n t s .  T h i s  fo rm of n o r m a l i z i n g  w i l l  be c o n t i n u e d  h e r e i n .

D r a i n a g e  C o n d i t i o n s

The r a t e  a t  w h i c h  pore w a t e r  p r e s s u r e  is p e r m i t t e d  to d i s s i pa te
f r o m  w i t h i n  a soil  bod y has a m a j o r  i n f l u e n c e  upon whe the r  or not l ique-
faction can occur , particularly under cyclic loading (Wong, Seed , and
Cha n , 1974). Since the rate of pore pressure dissipation is known to he
a f u n c t i o n  of the  square  of the longest  d r a i n a g e  pa th , the  d e t a i l e d
geometry of the soil p r o f i l e  is a l so  i m p o r t a n t .  A s tudy  of the i n t e r r e -
l a t i o n s h i ps between d i f f e r e n t  l a y e r  c o m p r e s s i b i l i t i e s  and p e r m e a h i l i t i e s
on the o c c u r r e n c e  of l i q u e f a c t i o n  has been p resen ted  by Yosh imi  and
Ku w a b a r a  ( 1 9 7 3 ) .  This  a n a l y t i c a l s t u d y ,  based upon s o l u t i o n s  to the
Terzag h i  o n e - d i m e n s i o n a l  c o n s o l i d a t i o n  problem , i l l u s t r a t e s  t h a t  l ique-
fac t ion w i l l  prop aga te e a s i l y  f r o m  a lowe r li quefied layer to an overlying
one if the upper layer has a considerably lowe r compressibility or
p e r m e a b i l i t y  t h a n  the  i n i t i a l l y  l i q u e f i e d  s t r a t u m .

A useful tool for investi gating the influence of drainage on poten-
t i a l l y l i quefiable soil strata is discussed by Seed , Martin and Lysme r
(1975). A computer code , APOLLO , discussed in Chapter 4 provides a
numerical , one-dimensional solutioni of the diffusion equation with a
pore-pressure-generating term included to represent the earthquake-
generated pore pressure increases . With this code it is possible to
investi gate the influence of length of drainage path , stratification ,
water table and saturation level variations , different permeabilities ,
compressibilities , densities , and other conditions .

Grain Characteristics

Under norma l triaxial test conditions , fine silty sands appear to
he most susceptible to liquefaction (Lee and Fitton , 1969). That fine-
gra i ned soils , with cohesive strength , are less vulnerable to liquefaction ,
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seems r e a s on a b l e .  W i t h  r ega rd  t o  c o a r s e r  s o i l s , however , t h i s  o b s e r v a t i o n
is  a p p a r e n t l y  i n f l u e n c e d  by system compliance. For example , coarser
m a t e r i a l s  p e r m i t  g r e a t e r  membrane  i n d e n t a t i o n  i n t o  the  s p e c i m e n  u n d e r
the i n f l u e n c e  of the  c o n f i n i n g  p r e s s u r e  G3~ Upon g e n e r a t i o n  of pore
pressur e under cyclic loading, some of this membrane indentation is
reduced , p e r m i t t i n g ,  in e f f e c t , a degree  of i n t e r n a l  d r a i n a g e . Work  by
Wong ,  Seed , and Chan ( 1 9 7 4 ) ,  w h i c h  a t t e m p t s  to accoun t  fo r  sys tem comp li-
ance , shows t h a t  g r a i n  s i ze  i s  of  l i t t l e  s i g n i f i c a n c e  in the l i q u e f a c t i o n
of s o i l s  under  u n d r a i n e d  c o n d i t i o n s . Thus , the  f a c t  t h a t  coa r se r  mate-
r ials perform much better even in the laboratory is probably due to
membrane indentation permitting some internal drainage and , hence , pore
pressure reduction (see also Martin , Finn , arid Seed , 1975). Nevertheless ,
s ince  coa r se r  s o i l s  p e r m i t  a much  more rap id  d i s s i p a t i o n  of excess pore
press u re when d ra i n a g e  is poss ib le  i n  the  f i e l d  (due  to t h e i r  g r e a t e r
p e r m e a b i l it i e s ) ,  the  p o t e n t i a l  f o r  li q u e f a c t ion is , in  f a c t , red uced.
T h i s  reduced l i q u e f a c t i o n  potential for coarser materials such as gravels
was much in  evidence d u r i n g  the A l a s k a  e a r t h q u a k e  of 1964 ( F i g u r e  2- 10) .

A l t e r n a t i v e l y ,  f i n e- g r a i n e d  m a t e r i a l s  such as cohes ive  so i l s  get
t h e i r  s t r e n g t h  p r i m a r i l y f rom i n t e r m o l e c u l a r  bonds r a t h e r  t h a n  g r a v i t y
f o r c e s ;  t h u s , l i q u e f a c t i o n  in the  c l a s s i c a l  sense does not a p p l y .
S e n s i t i v e  or hi ghl y s t r u c t u r e d  c lays  can n e v e r t h e l e s s  u n d e r g o  d r a m a t i c
r e d u c t i o n s  i n  s t r e n g t h  u n d e r  c y c l i c  l o a d i n g s . O c c a s i o n a l l y  the pe rcen t age
of f i n e s  is used to d e f i n e  l i m i t s  beyond w h i c h  l i q u e f a c t i o n  w i l l  no t
o c c u r .  For example , the  Army Corps  of Eng inee r s  has e s t a b l i s h e d  the
c r i t e r i o n  — based upon the s t a b i l i t y  of po in t  b a r  deposi ts  in the Miss is -
s i p p i  R i v e r - t ha t  those  sands  w i t h  more t han  10% p a s s i n g  the  200 s ieve
are  not  ap t  to l i que fy  due to r i v e r  f l u c t u a t i o n s .

G r a i n  shape does not  a p p e a r  to e x e r t  a signific ant influence upon
l i q u e f a c t i o n  s u s c e p t i b i l i t y  w i t h i n  the  n a r r o w  ranges of c l e a n  sands
n o r m a l l y  s t u d i e d  (Lee and F i t t o n , 1969 ; Rocker , 1968) .  Howeve r , C a s t r o
(. 1969 ) has  r epor t ed  sha rp  a n g u l a r  sands  w i t h  h i g h e r  l i quefac tion resis-
tance than no rm a l l y expec ted. A g a i n , t his  mi gh t be somewh at due to the
effect of membrane indentation as discussed in the previous paragraph in
relation to the effects of grain size. Another variable closel y associ-
ated with this mi ght be surface texture of the grains , but this factor
has been exp lored even less thoroughl y.

The effects of soil gradation on liquefaction have not been studied
to any extent , but it does not appear to be a significant variable. The
gradation of critical soils shown on Figure 2-10 do not suggest any
sensitivity to range of particle sizes. Althoug h a well-graded soil
exhibits frictiona l characteristics superior to those of a uniform soil ,
the graded soil can undergo a much broader range of volume changes than
can uniform materials and is apt to be much less permeable. Thus , it is
difficult to predict which material would be superior on an i n t u i t i v e
bases.
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Previous Stress History

The i n f l u e n c e  of previous stress history is of major interest in
l i q u e f a c t i o n  s t u d i e s .  Finn , Bransby and Pickering (1970) present lalora-
t o ry  d. it ;i  s h o w i n g  t h a t  a samp le , w h i c h  has  p rev ious ly l i q u e f i e d , is more
s u s c e p t i b le  to l i q u e f a c t i o n . In  Fi gure  2-11 da ta  are  shown on a specimen
of sand , i ’  ~in i n i t i a l  r e l a t i v e  d e n s i t y  0 R of 50% and an i n i t i a l  e f f e c t i v e
i s o t r o p i c  con f ining pr e -c-- ; ur & -  of 200 kN/m 2, which  is subjected to c y c l i c
l o a d i n g  w i t h  s t r e s s  r e v e r s a l s .  The specimen f i r s t  i ’r i derwent  l i m i t e d
f l o w  or c y c l i c  m o b i l i t y  unde r  the  e x t e n s i o n a l  p o r t i o n  of the  25th  load
c y c l e .  T h i s  spec imen  then underwent  severa l  a d d i t i o n a l  cycles  w h e r e i n
i t  r e l i q u e f i e d , f lowed , and  then  r e s t a b i l i z e d  (not  shown in F i g u r e  2 - 1 1) .
A f t e r  a t o t a l  of 29 load cycles , the specimen was p e r m i t t e d  to  d r a i n , 2and was r econso l ida t ed  under  an e f f e c t i v e  s p h e r i c a l  p res su re  of 200 k N / m
w h i c h  y i e l d e d  a r e l a t i v e  dens i ty  D

R of 60%. Upon r e s u m p t i o n  of c y c l i c
l o a d i n g  the specimen was noted as reli q u e f y i n g  d u r i n g  the  e x t e n s i o n a l
segment  of i ts  f i r s t  load ing  cycle , in sp i t e  of i t s  i n c r e a s e d  DR va l ue
over t h a t  of the i n i t i a l  test  squence.  Based on such i n f o r m a t ion , it is
poss ib l e  t ha t  the number  of l oad ing  cycles r e q u i r e d  to cause  l i q u e f a c t i o n
is s u b s t a n t i a l ly reduced by p rev ious  episodes of liquefaction .

This  conc lu s ion , w h i c h  would  appear  to c o n t r a d i c t  i n t u i t i o n , is
d iscussed  he re in  to i l l u s t r a t e  that .  j u d gment is neces sa ry  in  i n t e r p r e t i n g
tes t  d a t a .  The fo rego ing  test da t a  might  be exp l a ined  in  t e rms  o the
s a m p l e  d i s t u r b a n c e  and m a t e r i a l  r e d i s t r i b u t i o n s  t h a t  can t ake  p l ace  in
l a b o r a t o r y  t e s t s  due to local s t r e ss  v a r i a t i o n .

D u r i n g  the stress cycles leading up to i n i t i a l  l i q u e f a c t i o n , the
speci m en wou ld  have developed weak zones w h i c h  remained suscep t ib le  to
l i q u e f a c t i o n  d u r i n g  l a t e r  load a p p l i c a t i o n s .  Seed , Mor i , and Chan
(1975)  have p rov ided  da ta  i n d i c a t i n g  t h a t  p r ev ious  shea r  s t ress  h i s t o r y
can i nc rease  the  r e s i s t ance  of a soil  specimen to c y c l i c  m o b i l i t y .

Others  have noted inc reases  of up to 10 cycles to f a i l u r e  be tween
r e c o n s t i t u t e d  and u n d i s t u r b e d  samples .  S t anda rd  p e n e t r a t i o n  tes ts  t aken
by K i s h i d a  (1970) in  the  v i c i n i t y  of the Tokachi  Oki e a r t h quake showed
decreased dynamic  p e n e t r a t i o n  r e s i s t a n c e s  in h y d r a u l i c  f i l l s  i m m e d i a t e l y
f o l l o w i n g  the e a r t h quake  ( p r o b a b l y  due to pore pressure  g e n e r a t i o n)  but
increased penetration resistance after 3 weeks . The most important
conclusion that can be made is that the susceptibility to future li que-
faction depends primaril y upon the condition of the soil resulting from
the past liquefaction and the intensity of the subsequent shaking . Less
dense areas will be more susceptible ; more dense areas less susceptible.
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r e li q i i e f a c t i o n  t e s t s  on O t t a w a  sand samp le (sample  underwen t

l i q u e f a c t i o n  and l i m i t e d  f low in both  t e s t s ) ( f r o m  “E f f e c t
of S t r a i n  H i s t o r y  on L i q u e f a c t i o n  of Sand , ” b y W. D.  L.

Finn et a l .  in Journal  of Soil  Mech ai -i i c s  and Foun—
dat - ions , ASCE , vol .  96 , no. SM6 ,

F i g u r e  6 , Jun 1970).
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SUPERIMPOSED STATIC SHEAR LOADS

C u r r e n t  l a b o r a t o r y  t e c h n i q u e s  fo r  e v a l u a t i n g  the l i q u e f a c t i o n
U 

r e s i s t a n c e  of so i l s  to e a r t h q u a k e  l o a d i n g  (o the r  t han  those d i r e c t e d
t oward s p e c i f i c  dams ) have cons ide red  only h o r i z o n t a l  so i l  l a y e r s ;  i . e . ,
s i t u a t i o n s  where  i n i t i a l  s t a t i c  shear  s t resses  on the  h o r i z o n t a l  p l a n e ,
due to any imposed l o a d i n g ,  a re  m i n i m a l .  S tud ies  f o r  e v a l u a t i n g  the
l i q u e f a c t i o n  p o t e n t i a l  of s o i l s  in  dams have considered the  e f f e c t s  of
i n i t i a l  s t a t i c  shear  s t r e s s .  However , these s tudies  are  somewhat  empir i -
cal , are s i te  s p e c i f i c  in n a t u r e , and involve  extensive triaxial testing.
Current laboratory techni ques used for other liquefaction studies have
considered it conservative and sufficientl y accurate to neglect the
effects of the initial static shear stresses caused by the foundation.
Simple general methodolog ies for evaluating the effects of brid ge founda-
tions on liquefaction are not known to be in use.

Huang (1961) provides some insi ght into the behavior of sands
during vibration by reporting pore water generation to be an inverse
f u n c t i o n  of initial static principal stress ratio. This would suggest
t h a t  a t  least for some levels of applied dynamic stress , an initial
s t a t i c  st i es s  r a t i o  reduces the tendency for cyclic mobility to occur.
O b v i o u s l y  t h i s  tendency can persist only within a narrow reg ion. Other-
wise , one is faced with the untenable conclusion that the  g r e a t e r  the
initial static shear stress level existing prior to app lication of
cyclic shearing , the greater the resistance to cyclic mobility.

As long as one is interested onl y in the f r e e  f i e l d  s i t u a t i o n ,
where shake table or simp le shear tests are d i r e c t l y a p p l i c a b l e , s tand ~~rd
test data , including emp irical correction factors (Peacock and Seed ,
1968; DeAlba , Chan , and Seed , 19 7 5 ) ,  is satisfactory for liquefaction
analysis. However , should one desire insi ght into the liquefaction
potential in regions of foundation load discontinuit ies , such as beneath
footings or steep slopes , liquefaction criteria based more upon these
latter situations are desirable. It is necessary that a general approach
to defining li quefaction criteria be developed that can utilize the
available body of triaxial and free field oriented experimental data ,
but that can still be applicable to the situation near foundations and
structures , where static shear loads are acting . Any parameters selected
for defining the liquefaction potential near load discontinuities should ,
if possible , be general enough to incorporate the bulk of experimental
results that are available for the cases not involving concentrated
loads.

The shear stress levels causing li quefaction in the triaxial test ,
simp le shear and shake-table tests have generally been measured upon
planes without any initial static shear stresses (principal planes).
Thus , there has been no necessity to consider initial static shear

23



stresses . Where initial static shear loads are acting on the plane of
interest , prior to cyclic loading, questions arise such as , what is the
significant shear stress to use for liquefaction evaluation and what is
t h e  influence of va rying degrees of maximum siress reversal (Yoshimi and
Oh-Oka , 1975). It is suggested that by considering the dynami c shear
stress Ai~ applied on the new major princi pal p lane following app lication
of any static shear stress increments , all the foregoing problems are
avoided , and available experimental data is still app licable to areas of
load discontinuity, such as beneath foundations or earth structures.

This  s t r e s s  At 1 is defined (for the simple shear or ring-torsion
t e s t )  in  F i g u r e  2 - 12 .  C o n s i d e r  the series of concentric tlohr circles in
F i g u r e  2 - 1 2 .  Let the Mohr ’s circle with radius r represent the initial
effective stress conditions on a soil element wits horizontal effective
stress a’ = K a , and vertical effective stress 0 ’ . Application of a
static st~ear ~t~ ess At to the horizontal plane r~suIts in the stress in
the specimen now being 5represented by the large r Mohr circle with radius
r , showing a rolation of the princi pal plane (formerly the horizontal
piane) through the ang le 4s . Now , superposition of a dynamic (cyclic)
shear stress increment At d, upon the horizontal plane results in a new
Moh r ’ s circle of va rying radius r .  Since the soil is saturated , only
shear stress would be added to this effective stress diagram , even in
t he  f i e l d .  T h i s  causes dynamic shear stress increment At 1 applied to
w h a t  was t he  m a j o r  p r i n c i p a l  plane prior to application of ATd. I t  may
be seen from Figure 2- 12 t h a t :

= r
d s in  e

where

AT + I
= tan 1( r d) - 2~~

and

At
= 

- 
tan ’ 

(ro +
S
rs)

Here At
1 

is defined for a dynamic stress increase Ai
d ; 

however , it may
be shown that for a dynamic stress decrease (-AI d on the horizontal
p lane), the shear stress At1 

on the principal p lane is of equal magnitude ,
h u t  in the opposite direction.
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The reference plane for measurement of cyclic shear stress (i.e.,
the major princi pal plane) is established prior to dynamic loading .
Therefore , it is desirable to select the reference confining stress at
this stage also. To this end the average or volumetric effective stress
a’ = (o~ + o~ + o~ )/ 3 , acting prior to cyclic shearing , is selected .
iR~~ is , incidental ly, the reference confining stress used in calculating
the stress ratio causing liquefaction in the isotropically confined t n -
axial test. This confining stress remains constant irrespective of
static shear stress increment where pure shear is invoi-:ed , such as in
either the simp le shear or ring torsion apparatus . The drastic changes
in effective stress taking place in undrained soils during cyclic load-
ing make it desirable to select this reference stress prior to dynamic
loading ; i.e., when O t is still well-defined .

EFFECTS OF PRINCIPAL STRESS RATIO

The use of average (effective) principal stress as the confining
stress was previously suggested by Ishibashi and Sherif (1974) on the
basis of torsional tests. Figure 2-13 shows best fit curves from results
of cyclic ring-torsion shear tests (Ishibashi and Sherif , 1974) on
Ottawa sand at a reported relative density of about 27%. This unusually
low initial density appears to be a feature of the particular specimen
preparation technique . It is noted that the plots of horizontal shear
stress! volumetric stress , Id/U (shear stress on major principal plane/
effective octahedral norma l str~ss) ratio versus number of cycles to
initial liquefaction are quite similar in spite of the different initial
principal stress ratios (K ). Ishibashi and Sherif (1974) compared many
different ways of formulat~ng stress ratios for defining li quefaction
criteria , such as the maximum shear stress/octahedral stress , the horizontal
shear stress/vertical stress , etc. The stress ratio presented in Figure 2-13
was the only one investigated for which the best fit curves of stress
ratio versus number of cycles to failure for the three different initial
princi pal stress ratios Kc were not significantl y different .

In order to further investigate the general app licability of the
foregoing method of defining liquefaction criteria , best-fit p lots from
extensive shake-table results (DeAlba , Chan and Seed , 1975) have been
replotted in revised form in Figure 2-14 (assuming an at-rest coefficient
of earth pressure K of 0.45). Also shown in Figure 2-14 is the best-fit
line from the triax~al data from Donovan (1974) (see Figure 2-15) for a
relative density of 50%. The sands used for the bulk of the data appeared
to be similar in grain size and angularity to the Monterey sand used by
DeAlba , Chan , and Seed (1975). Although the shapes of the different
data summaries differ slightly, the differences in stress ratios when
calculated in the proposed way are negligible compared with the correction
factors required for converting triaxial test data to the horizontal-shear/
vertical-stress ratio convention.
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The foregoing li quefa ction data were generated for appli cation to
the  f r ee- I  t e l d  s i t u a t i o n  and  deal  w i t h  c o e f f i c ien t s  of e a r t h  p r e s s u r e  X

cf r o m  typ ica l a t-r e s t  v a l u e s  of about  0 .45 up to 1 .0 .  I t  w o u l d  he of
in. j r  interest to study earth pressure coefficients of less than 0. 45;
i . e . ,  a p p r o a c h i n g  m a x i m u m  o b l i q u i t y  or the  f a i l u r e  envelope  f o r  t h e
s o i l .  Such cases can occur  whe r e  i n i t i a l  s t a t i c  shea r  loads  a re  a p p l i e d .
U n f o r t u n a t e l y ,  l i t t l e  test  da t a  a re  a v a i l a b l e  where  c y c l i c  l oad ing  is
app l i e d  f o l l o w i n g  an i n i t i a l  s t a t i c  load i n c r e m e n t .  One such paper
d e a l i n g  w i t h  t h i s  p rob lem has  been p resen ted  by Y o s h i m i  and Oh-Oka
( 19 7 5 ) .  Specimens of f i n e  sand at  a r e l a t i v e  dens i t y  of about  37% were
c y c l i c a l l y loaded in a t o r s i o n a l  shea r  device .  Three s e r i e s  of t e s t s
were conducted ; the first without an initially applied static shear
stress  inc remen t  and the o the r  two w i t h  s t a t i c  shear  s t r e s s  i n c r e m e n t s
sufficient to permit (1) only partial shear stress reversal and (2) no
shea r  s t ress  r e v e r s a l  on the p l a n e  of app l i ed  shea r  s t r e s s .  Because of
the different stress situations between the three series , conventionally
c a l c u l a t e d  s h e a r- s t r e s s/ c o n f i n i n g — p r e s s u r e  r a t i o s  ( r a t i o s  c a l c u l a t e d
using shear stress l eve l on the plane initially subjected to static
shea r  s t ress  inc remen t )  gave m a r k e d l y  d i f f e r e n t  s t r e s s  r a t i o  ve rsus
numbers  of cyc les  to f a i l u r e  r e l a t i o n s h ips .

The best-fit curves from these data , plotted in terms of the stress
ratio recommended herein , versus number of cycles to initial liquefaction
are  shown in  F igure  2- 16. I n i t i a l  l i q u e f a c t i o n  has been t aken  as t h e
p o i n t  ~i t  w h i c h  a m a j o r  change in ra te  of shear  s t r a i n  commences.  I t  was
assumed tha t p r i o r  to a p p l i c a t i o n  of the static shea r stress increment
the  c o e f f i c i e n t  of e a r t h  p ressure  X c was 0 .45 .

Following application of the static load increment it was assumed U

t h ~.t t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  was u n c h a n g e d  but  t he  m i n o r
p r i n c i pa l  s t r e s s  was decreased by the same amoun t  as the  m a x i m u m  p r i n c i pa l
s t r e s s  was i n c r e a s e d  ( F i g u r e  2 - 1 2 ) .  Th i s  p r o v i d e d  a r e d u c t i o n  in  the
p r i n c i p a l s t r e s s  r a t i o  K in  the  p l a n e  of m a x i m u m  s h e a r , and  i t  i s  these
r e v i s e d  v a l u e s  of K w h i c h  a re  shown i n  Fi gure  2 — 1 6 .  A l s o  shown on t h i s
f i g u r e  - i r e  the curves  from F igu re  2-13 ad jus ted  to the  same r e l a t i v e
d e n s i t y  (D r 

= 37%) as t h a t  of the  Y o s h i m i  and  Oh-Oka ( 197 5)  d a t a  b y
m u l t i p l y i n g  the s t ress  r a t i o  by the f a c t o r  37/ 27 .  A l t h o u g h  the  p l o t s  on
Fi gure  2- 16 r e p r e s e n t  d at a  on two d i f f e r e n t  s ands , bo th  t h e  repor ted
g r a d a t i o n s  and the  two t e s t i n g  dev ice s  appea r  q u i t e  s i m i l a r .

The data in Figure 2-16 suggest that , for hi gh K values , the use
of the dimensionless coefficient recommended herein to define liquefaction
prov ides  an accep tab le  f a i l u r e  c r i t e r i o n  f o r  the  v a r i o u s  p r i n c i pal
s t r e s s  r a t i o s . Howeve r , as the  s t a t i c  K va lues  f a l l  be low the  r” rma l
f r ee  f i e l d  s i t u a t i o n  ( i . e . ,  the  Mohr  c i r ~~le  r e p r e s e n t i n g  the  s t r e s s
state approaches the yield envelope , as under a foundation), slightly
reduced shea r  s t r e s s  r a t i o s  may be r e q u i r e d  to cause  l i q u e f a c t i o n  at a
par l icular number of  c y c l e s . Yosh im i  and Oh-Oka (1975) have no ted  t h a t
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.it the h i g h e r  i n i t i a l  s t a t i c  s t ress  l e v e l s , the  number  of cycles  between
initial li quefaction (marked increase in strain rate) and complete
li quefaction (effective stress reduced to a negli gible value) increases.
Thus , the  cu rves  representing their data in Fi gure 2- 16 would  be in
slig htly better agreement with the Ishibashi and Sherif (1974) data were
complete failure , rather than initial liquefaction , of concern. Actuall y,
initial li quefaction by Ishib ashi and Sherif (1974) appears to be closer
to that defined as comp lete liquefaction by Yoshimi and Oh-Oka (1975).

Thus , li quefaction data can be presented in a format suitable to
include the free field condition (away from concentrated loads) with
horizontal soil layers , as has been generally considered , but also to
includ e soil reg ions beneath load disco ntinuities . By plotting the
ratio of dynamic shear stress generated on the major princi pal plane
(prior to dynamic shearing) to average volumetric stress versus the
number of stress cycles to liquefaction , cy - l ic triaxial tests can be
used to provide -in enve ope of the liquefaction strength under lou
rIi I.l t ion l iii d s . By using the recommended forma t for plotting cyclic load
I I t t , 1  on specimens upon which initial static shear stresses are acting
(K reduced t o  below a norma l free field value of about 0.45), a more
st~ ingent criterion for liquefact ion prediction may be identified for
app ! i c j t i o n  beneath foundation load s.

The foregoing dis ussion a t t e m p t e d  to  p r o v i d e  i n s i g h t  i n t o  the
li quef.. tion phenomenon . Various f.lctors influencing the li quefaction
j It !-ntial were discuss ed with the a i m  of p r o v i d i n g  back ground to e n a b l e
the eng ineer to use jud gment in carryi n g out liquefa tion hazard evalua-
tions . The following portion of this chapter will deal W ith general
so il reponse characteri zations, These latter soil properties are those
commonly used to define soil behavior f rom an engine ering mechanics
point of view .

PARAMETERS IND I RECTLY AFFECTING LIQUEFACTION

There is a family of soil paramet ers which , whil e not re li t i-if  to
the liquefaction process directl y, do influence the li que f.~~ti ori poteil-
ti al . These are the responi e parameters which dictate hoi~: -i s o i l  w i l l
respond lii app lied stress. For examp le , si nce vollune trl ( (-flanges and ,
hence , l i q u e f a c t i o n  p o t e n t i a l  can be relat ed to t h e  distortiona l strai n
levels which a soil undergoes (Martin , Finn , and St - i f , 197 5 ) ,  the s t i ’ - a r
s t i f f r i ” s s  or modulus of rig i d i t y  G of a soil under a spec il Lc load level
is of  p articular concern . Earth quake motions c iii be either amplified or
attenuated , depen d i n g  U~ 0fl characteristics of  t h e  so il profile (anti its
int e r .iit ion with the frequency content of  the disturbing earthquake )
which , in t u r n , depends upon t h e  v a l u e s  of the  stiffness and damping
pa ramet ers invo l ved .
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Since many treatments of earth quake-induced liquefaction deal with
verticall y transmitted horizontal shear waves , one approach to a n a l y s i s
requires only a value for the shear modulus G , together with a damp ing
coeffici ent , to account for the energy absorption of the soil. Extensive
experim ental work dealing with these two pa rameters has been carried out
by Seed and Idriss (1970), and Hardin and Drnevich (1970). These studies
permit characterizing the shear response parameters of soil in terms of
the basic soil index Iir~ i - r ties and the existing stress and strain
states. For examp le , the shear modulus value for clean granular soils
is related to void ratio , mean ef f ec t i v e st ress , maxim um cyc l ic  she a r
strain amplitude , and number of loading cycles (some soils have an
di l itional dependency upon overconsolid ation ratio , degree of sa turation ,

;inil p l a st icity index) . Soil damp ing , pa rt i cu l a r l y in  cohesionless
soils , is a t  least partiall y due to relative movements between soil
Pa rticles and , hence , is hysteretic. The contribution by dry friction
to the damping ratio should be substantiall y i ndependent  of st r a i n  ra te .
N -vt- rth eless , for analytical expediency all damp ing is represented by an
equivalent viscous damp ing . Thus , selec t ion of a damp ing coef f i c i en t
makes the damp ing r-a ti o a function of frequency . As long as the ratio
o f app ! ied frequency to resonant frequency is not much grea te r than one ,
t h i s  appears  to he accep tab l e  eve n thoug h i t  is stri ct l y  true onl y at
resonance. For soils , damp i n g  is generally specified as a percentage of
t r i t t i a l  damp ing, arid measured in terms of specific damping capacity,
related to the ratio of the area within a hysteretic loop during a load U

cy - le and the maximum stored energy dur ing the cycle. Seed and Idriss
(1970) have derived expressions for damp ing  ra tio as a func t ion of
strain level , n umber of cycles , frequency , mean e f f ect ive stress , and
the other index properties mentioned in reference to shear modulus G.

A number of investigations done on sandy soils have been summarized
in Table 2-I. Recent work on shear stiffness arid damping, wi th pa rti c u l a r
re fer ence to sands , is b e i n g  p u rsued by Silv er arid Park (1975) at the
University of Illinois.

In all of this work , s h e a r  m o d u l u s  G is noted as i n c r e a s i n g  w i t h
fe r isit y ,i rof confinin g pressure arid decreasing with shear strain amp litude.
Damping coefficients on the other h a n d  i ncr ease wi th shear  s t r a i n  amp li-
tude and appear to decrease with confining stress and increased density .

Previous stress history is rioted as i n c r e a s i n g  shea r  s t i f f n e s s
vi lu e and decreasing damping. One app lication of the use of the foregoing
so i l  p a r a m e t e r s  to e a r t h quake  response a n a l y s i s  has  been i n c o r p o r a t e d
into a computer program SHAKE (Schnahel , Lysne r and Seed , 1972) in which
the shear modulus of granular materials is treated as:

C = A
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where  A and  a are constants , normally having values of 1 ,000 and 0.5,
respectively , and K

2 
is a function of the index properties of the soil

and is an inverse function of the shear strain amplitude.

Typic al variation of K
2 

for sands based upon the results of various
worker s  is pr esented in  F i gures 2-17 and 2-18 , and a composi te ser ies of
rela t ionsh i ps for various relative densities is shown in Figure 2-19
(Seed and Idriss , 1970). Shear modulus measurements at very low strain
levels are usuall y mea sur ed by shear wave velocity studies. For hi gher
strain amp litudes , resonant column and cyclic triaxial , s imp le shear and
ho l l ow cy lind er torsion tests are commonl y emp loyed.

It has been found (Seed and Idriss , 1970 ; Hardin and Drnevich ,
1970) that shear modulus values at any strain leve l may be normalized in
terms of maximum shear modulus to permit a generalized relationshi p for
many soil materials to he co l l apsed  in to a si ng le rel at i onsh i p. Such a
re l a t i onsh i p is presented in Figure 2-20 (Seed an(l Idriss , 1970).

Damping ratios , as me n t ioned , we re found to va ry as f unc ti ons of
soil ind ex properties as well as the stress and strain states. Figure
2—21 shows the influence of friction angle , vo id  ra t io , coefficient of
l a t e r a l  e a r t h  p re s su re , and degree o saturation on a clean sand under a
vertical effective stress of 1 ,000 psf (70 psi), bas ed upon work by
Hardin and Drnevich (1970). The influence of effective confining pressure
is shown on Figure 2-22. Average val ues ~ f damping ratio for an effective
ve rtical stress of about 1 to 1-1/2 kg/cm have been presented in Figure
2-23.

Al though cohesive materials have been treated iii the same format as
granular materials , their soil models have not been found q u i t e  as
satisfactory in this context. It is more expedient to normalize the
shear modulus of clays in terms of the undrained shear strength S

u ~fl
the form of G/S versus shear strain amp litude . Data obtained by various
investi gations nave been comp il ed in Table 2-2 and p lo tted in Fi g u r e
2-24. Again , i t is poss i b le  to c o l l a p s e  th e var ious  shear  modul us
r e l a t ion sh i ps in t o a s i n g l e curve by no rmalizing them by the  maximum
valu e of shear modulus at infinitesima l strain (Figure 2—25). In (-his
way, modulus values determined it very small strain levels , such a s by
measuring s h e a r  wave velocities in the field , can be used to p r e d i c t the
shear modul us under desi gn lo ading con ditions . Damp ing  ra t ios f or c lays
h a y , - beer . studied less extensively than for granular materials. However ,
-. summary of the results of past studies is shown in Fi gure 2-26 .

Little data are available for materials other than sands and clays ,
but avail able information indicates that coarser grained materials such
as gravels ni ay he expec ted to behave as sands (Seed and ldriss , 1970;
Hardin and Drnevi ch , 1970). Figure 2-27 shows tentative modulus values
fo r gravell y soils , hut damping data is essentiall y nonexistent.
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(from Seed and Idriss , 1970).
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Figure 2—19. Shear moduli of sand s at different relative densities
(from Seed and Idrlss , 1970).
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Table 2-2. Summary of Laboratory Investi gatio ns of Shear Modu li and Damp ing
Rat ios for Saturated Clays (from H.B. Seed and IM. Idriss , 1970)

Range of Strain Data
Type of Test Soil Tested L Range of Shear 

Correction
Shear Axial Strengt h (psfl 

Factor ’2

Field Tests

Shear Wav e Velocit y San Francisco Ray mud <1O’~~% 200 (0 500 1.0

Compression Wave Velocity Union Bay clay <10’~~% 1.0

Laboratory Tes s

Free \I’lbration

Longitudinal Elkhorn Slough 3x1 0 ”2 to 2% 300 to 1,100 2.5
silty cla y

Shear San Francisco Bay mud 2x10 ’2 to 0.5% 300 2,5
Kao linime/ Rento nite 5x10 2 to 2% 44 to 85 2.5

mixture

Forced Vibration

Longitudinal Cambridge clay ~ 2.5 x 10”
~ % 1 ,080 2.5

Mississi ppi gravels ~ 2. 5 x I0~~ % 520 2 , 5

Torsional Birch Bay clay ~ 2.5 x I0 ’~ % - 1,000 to 2 ,420 2 5
Montana clay ~ 2.5 x 10~~% 6,000 2.5

Torsional (consolidate d Wh idbey Bay clay ~ 2.5 x 1o—
~ % 2 30 to 1 ,800

samples) Sil~~ clay 0 12 5 % 800 to 1 ,500 1.0
Edgar Plastic Kaolin ~ 2.5 x i0’~ % 1.400 to 1,800 1.0

Tr i , ixial Compression Ardmore clay 0.1 to 0.5% ‘ —

Ardmore clay 0.5 to 1% —

Union Bay clay 3 x 1 0 3 to 0.3% 200 to 880 2.5

Silty clay io’2 to 0.1% — —

Webb M ark IV clay 0.2 to 1% — - —

Ti I r s i , , n a l  Shear Georg ia Kao linite 3 x io 2 to 0.2% — —

Si iii ple Shear San Francisco Bay mud 0.2 to 4% 300 to 400 2.5
Kaol inite iRcntoni te 0.1 to 2.5% 44 to 85 2.5

mixture

San Francisco Bay mud 0.1 to 3% 300 2.5

a Ap plied to modulus values to allow for samp le di s turbance.
b Sample listuibeil slightly a lter con solid a tion ,
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strain for saturated clays (from Seed and Idriss , 1970) .
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PeaLs are generall y treated in t h e  same forma t -is clays. A va m l. af il e
data on peats based upon field seismic wave velociti e s , laboratory
studies , and earth quake ground response (‘vi 1 ua t ions are shown in F m gu re
2-28 .

One of the major weaknesses in selecti n g soil re sp iimis e parameter s
to use f o r l i q ue f a c t i on an a l ysis i s the difficulty of monitoring the
changes that take place under app l ied load. Codes are available whi (h
consider the changes of the average values of the shear stiffness arid
damping parameters with maximum shear strain 1evels. However , the
changes in effective confining pressure are generally l umped in to an
overall phenomenological approach. Following g -mli’ r .i tion of the first
increment of pore pressure the values of the soil parameters commence to
undergo change .

In an attempt to consider the p r o b l e m  of loss of shear strength in
a soil specimen due to liquefaction , Yen (1967) has attempted to deve l op
a classical viscosit y approach; his work suggests a strai gh t f o rward
procedure for determining what appears to be realistic viscosity values
for saturated sands under i.yc li c loading . Unt ortunately , the viscosity
v a l u es developed for  th i s app roa ch a re  app l i c able  onl y f or the t ime
preceding actual li quefaction. Table 2-3 shows typ i cal viscosity values
m e a s u r e d  for Nii gata- sands. Fi gure 2-29 presents data for El Monte
sand . Florin and Ivanov (1961) note that following li quefaction , the
viscosi ty of sand inhibits flow failure . This viscous effect apparen tl y
increases w ith density . Thus , a l thoug h l i quefa ct ion may resu l t in
surface settlement as a result of eventual dra i nage , actual flow failures
may be li mited.
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Chapte r  3

PROCEDURES FOR ANALYSIS OF LIQUEFACTION OF SOILS

Earth quake ground motions are capable of causing a loss of shear
s t r e n g t h  of sand depos i t s  below the w a t e r  t ab le .  F ie ld  and l a b o r a t o r y
tes t s  have  been pe r fo rmed  to eva lua te  the l i q u e f a c t i o n  p o t e n t i a l  of
soils. This chapter will present field standard penetration test inter-
pretation , a summary of the void ratio concept , Seed’s (1976) s imp l i f i e d
h an d compu tat ion procedure , a s imp le computer analysis , a more comp lex
computer analysis , finite element ana lysis techniques , and some interest-
ing research in progress.

STAJ1DARD PENETRATION TEST USED FOR LIQUEFA CTION PREDICTION

Standard  pene t ra t ion  t es t s  can be used directly to give an in si t u
e v a l u a t i o n  of s o i l  b e h a v i o r .  Seed (1976)  p resen t s  Fi gu re  3-1 which  is
an evaluation of the Nii gata , Japan 1964 earth quake . Several lines
d i v i d e  r eg ions  of l i ght  dama ge (no l i q u e f a c t i o n )  f r o m  heavy damage
( l i q u e f a c t i o n ) .  Such a c o r r e l a t i o n  is app l i c a b l e  onl y to the N i i g a t a
soil and earthquake ; however , the  me thodology ma y be - extended. Castro
(1975) has compiled earthquake field observations of li quefaction in
terms of an effective shear stress ratio

T /0 ’
e V

where I is d e f i ned~’ ase

= 0 .7 x A  x ue max V

~This will be discussed in more  d e t a i l  in the section entitled SIMPLE
HAND COMPUTATION .
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and

0 ’ = effective overburden pressure

A = maximum horizontal acceleration , g ’s
max
o = t o t a l  overburden  p ressure

V

and a cor rec ted  blow count N ’ d e f i n e d  as

N’ — 
SON

— 
0 ’ + 10

V

where N = standard penetration resistance measured in
the field

The relationship is shown in Figure 3-2.

C h r i s t i a n  and Swiger (1975) utilized discriminant analysis techniques
to analyze the data from 39 earthquakes. They define a parameter A as

a O
A ____

0’
V

where  a = site surface accelerations

The parameter A is a measure of the stress-strength ratio t/s,,. Relative
density is determined by use of the Gibbs and Holtz (1957) relation from
standard penetration tests (Chapter 4). This value is not used as an
abso lu t e  but  r a t h e r  as an intermediate correlation. Figure 3-3 shows
the results of their analysis. The probability numbers are the confidence
indicators that the line shown is the dividing line separating liquefiable
from non-liquefiable cases. Thus , a P 0.10 means that the location of
the line is associated with a 90% confidence that all li quefiable cases
are above the line . (Note: it is not to be confused with the probability
of occurrence of liquefaction.) These curves give estimates of the
standard penetration resistance required at a site to preclude liquefac-
tion for a given confidence level.
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Figure 3—1 . Anal ysis of liquefaction potential at Nii gata for earth quake
of J une 16 , 1964 (f rom “Liquef action and Cyclic Mobility of

Saturated Sands ,” by C. Castro in ASCE Geotechnical
Jou rnal , CT6 , Jun 1975).
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Fi gure  3—2.  P e r f o r m a n c e  of s a t u r a t e d  sands  a t  e a r t h quake  s i t e s
( f r o m  “ Li q u e f a c t i o n  and C y c l i c  M o b i l i t y  of S a t u r a t e d  Sands , ”

by C. Cas t ro  in J o u r n a l  of t he  G e o t e c h n i c a l  D i v i s i o n ,
ASCE vol .  101 , rio . GT6 , Jun 1975) .
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Fi gure  3—3.  H i s t o r i c a l  o b s e r v a t i o n s  of l i q u e f a c t i o n  and d i s c r i m i n a n t
cu r v e s  ( f r o m  “S t a t i s t i c s  cf L i q u e f a c t i o n  and SPT R e s u l t s , ” by J .  T.

C h r i s t i a n  and W. F. Swi ger in J o u r n a l  of the G e o t e c h n i c a l
D i v i s i o n , ASCE , vo l .  101 , no.  GT11 , Nov 1975 and

d i s c u s s i o n , vol .  102 , no. GT 12 , Dec 1976).
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Seed (1976) gives the results of a detailed study on penetration
resistance in Fi gure 3-4. To use the information presented in Fi gure
3—4 , the va l ue of the standard pene tr a t ion  res is tan~ e should be cor rec-
ted to an effective overburden pressur e of 1 ton/ft by means of the
following expression

N
1 

= C
N 

N

where CN is taken from Fi gure 3-4c and

N
1 

= corrected penetr ation resistance

N = standard penetration resistance as measured at the
depth under consideration

= effective overburden pressure in ton/ft2 (where the
penetration resistance has the value N)

1 t o n/ f t 2

Liqu efaction studies in mainland China conducted independently but
along similar lines to those developed in this  coun try hav e also led to
a correlation between earth quake shaking conditions causing li quefaction
and the standard penetration resistance of sands. In this correlation ,
the critical value of the standard penetration resistance , N
separating liquefiable from nonli quefiable conditions is det~~ihned by
the following expression

N - = N{ l  + 0.125 (d - 3) - 0.05 (d - 20flcrit s w

where d = depth to sand layer under consideration in meters

d = depth of water table below ground surface in meters

N = a function of the shaking intensity as follows:

Modified Merc elli
intensity N (blows/ft)

7 6
8 10

9 16
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This correlation was found by Seed (1976) to agree with data in Figure
:1-4 .

The data presented in this section can be used to give an approximate
estimate of the l i q u e f a c t i o n  po ten t i a l  a t  a s i t e .  C l e a r ly  the number of
observations is limited and the scatter in the data large . This method
is well-suited for preliminary evaluation of alternative sites when
detailed tests are not possible.

CRITI CA L VO ID RATI O CONCEPT

Castro (1975) differentiates between liquefaction (occurring as a
r e s u l t  of loss of shear  resistance under monotonic loading) and cyclic
mobility, which he defines as progressive softening of a saturated sand
under cyclic load . Castro (1975) questions the belief that cyclic
mobility can occur in dilative sands in. situ during earth quakes , at
least to the same degree as has been observed in the l a b o r a t o r y . He
presen ts data  to sugges t tha t the large strains exhibited in laboratory
cycli c tests are due to redistribution of void ratios .

In order to better understand this approach , it is of interest to
briefl y review typ ical monotonic triaxial test data for cohesionless
material. Fi gure 3-5a and b shows drained triaxial test results for a
loose sand , a dense sand , and a sand at critica i void ratio. Here ,
c r i t i c a l  vo id  r a t i o  is def ined  as that value of initial void ratio that
corresponds to the void ratio that would be reached at the maximum shear
s t ress  level fo r  a s p e c i f i c  so i l  under  a p a r t i c u l a r  c o n f i n i n g  s t ress
l e v e l .  As can be seen at  f a i l u r e , the ne t  volumetric strain of a specimen
at critica l void ratio is zero at maximum shear loading . Loose and
den se may be d e t e r m i n e d  in r e l a t i o n  to t h i s .  Fi gure  3-Sc and d shows
this more clearl y for another series of tests at different initial void
ratios and confinements . In Figure 3-5c volume change at maximum shear
s t r e s s  level  is p l o t t e d  versus  i n i t i a l  void ratio for three series of
triaxial tests under three different confining stresses. Figure 3-Sd
shows vo l ume change versus confining pressure for three series of tests
at different initial void ratios.

I n f o r m a t i o n  f r o m  the  fo r ego ing  tests ii. -y be app l ied to u n d r a i n e d
tri axia l tests to predict their behavior. Since drainage is not allowed ,
volume change - and , thus , void ratio — is essentially unchanged .
F i g u r e  3-Se shows a plot of volume change versus initial confining
pressure for drained triaxial tests on sand , similar to Figure 3-Sd .
Also shown are state paths for both a dense sand (point A) and a loose
sand (point B) undergoing shear under undrained conditions.
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Since drainage is not permitted , the dense sand trying to dilate
reduces pore pressure , thereby increasing effective confinement under
mor i o ton ic  l o a d i n g .  The opposite is  no ted for  the loose so i l  wh ich
increases pore pressure as it tends to try to compress. Fi gure 3-6
compares drained and undrained triaxial test data for a dense sand. It
s h o u l d  be noted t h a t  a l t h o u g h the dense sand does tend to dilate at
f a i l u r e  s t r a i n s , i t  i n i t i a l l y  undergoes  compress ion  at  lower  s t r a i n
l e v e l s .  These s t r a i n  levels , although lowe r than failure , may be within
the strain level noted in some earthquakes. Thus , pore pressure mi ght
b u i l d  up even in dense undrained sands .

C a s t r o  (1975)  in Fi gure 3-7 makes use of a state diagram to explain
li quefaction under monotonic or cyclic loading. Under loading, a loose
s o i l  responds by an i nc rease  in pore  p r e s s u r e  ( r e d u c i n g  c o n f i n e m e n t )
moving  from poin t C toward point A . At point A , u n l i m i ted f l o w  occur s
at  some s m a l l  r e s i dua l  s t r e s s  level .

In order to have a quicksand condition , def ined  by Castro (1975) as
complete loss of strength , the soil would require a void ratio greater
than Q. Dense sands may also respond by increase in pore pressure
moving from point D towa rd point B. Should the cyclic load repetitions
be v i gorous  enoug h , the sand s t a t e  reaches p o i n t  B , where the e f f e c t i v e
confining stress becomes zero . However , upon shearing , the specimen
commences to deform , thereby dilates , and the s t a t e  of the  sand moves
toward point D. With further loading the sand state continues to move
to the right until , presumably with hi gh enough loading , it meets the
s tead y - s t a t e  l i n e  and commences to deform a t cons t an t  shear stress
level.

This state diagram is used to define a liquefaction potential

a
3 

-

1. = (after Casagrande)
p

where  0
3 = the initial effective minor principal stress

= the effective minor principal stress at yielding

Since it is assumed that the friction ang le of the sand is full y
m o b i l i z e d  a t  s t e a d y- s t a t e  y i e l d i n g ,  t h e  l i q u e f a c t i o n  p o t e n t i a l  may be
defined by using Mohr-Coulomb theory as:

L = 

0
3c 

03f 
= ~.u 

= _ _ _ _ _ _ _ _ _ _

~3f 
0
3f ~ 

I - sin 41
- df 2 sin 41
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where ~u = the  pore p re s su re  gene ra t ed  in  r e a c h i n g  the
c r i t i c a l  s t a t e  l ine

°dl  = the d e v i a t o r  stress existing at this state

- 
I / a~l r a i l 1 1 )
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l~ mobility I soj is N, ~~~ monotonit loading

(dense ) N~, ,  
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— — — __________

cs d i e  liaail ing. state 
— 

I 
— 

I 
— 

I

i ia.a ~ reach B) 0 3f °3c °3c

( I a  I I ive Minor Princi pal ~r t r e s s . ~

Figure 3—7. F iIei r I i n ed l a s t S  on fully saturated sands depicted on state
l i a g r a m  ( f r o m  “ Li q u e f a c t i o n  and  C c l i c  M l l h i l i t y  of S a t u r a t e d  Sands , ”

by C. Castro in ASCE Journal 01 the (
~~i I I t 1  lini c al Division ,

vol. 1 01 , no. .“i 6 , Jun  1975).

The pore pressure ~u can be related to deviator stress 
~
7
di 

by means
of Skempton ’s parameter A

f

= A x‘p f I - sin 41

Although Castro (1975) app lies this liquefaction potential value qualita-
t ive l y (i.e’ . , higher I. ‘ s suggest hi gher li quefaction tendency), no
quantitative criteria ~re given. Further , a sand c l a s s i f i e d  as den se by
this approach would have a negative L . Although the implication is
that this would not li quef y, no speci~~ic statements to this effect are
made .
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Castro (1975) also shows state diagrams for various s;lnds which
show the stead y-s tate lines to be functions of very subtle changes in
particle shape , s ize , and gradation. In some cases these latter param—
i ’t e r s  a r e  no t ed  to e x e r t  an i n f l u e n c e  on the  li q u e f a c t i o n  p o t e n t i a l  as
great , for example , is that of r e l a t i v e  d e n s i t y .

The f o r e g o in g  work  a l s o  s t a t e s  that soils with initial static shear
lo ading may exhibit greater resistance to cyclic mobility. This is
exp l ai ned in terms of the reduced load reversals resulting i n  reduced
votil r a tio redistribution on laboratory samp les .

Listro (1975) points out that tests on undisturbed samp les a r e  mo re
realistic than tests on remolded samp les ; he feels the use of average
density specimens to represent stratified sands may introdu e large
errors. Relative density is not app licable to these types of deposits ,
and there is no equivalent basis for comparing unit weights of remolded
sand with th at o f the in si tu sand .

SI M PLE HAN D COMPUTATION

Seed and I d r i s s  ( 1970a)  have proposed a simplified hand computation
procedure for evaluating li quefaction . They assume that the li quefaction
produc ing  she a r s tresses developed in a soi l  deposi t are caused by
upwa rd p r o p a g a t i n g  shea r  waves .  The depth to the soil region under
l i q u e f a c t i o n  inves t iga t ion is d e f i n e d  as h .  The soi l  c o l u m n  w i t h i n  a
depth h is assumed to behave as shown in Figure 3-8. The maximum shear
stress at a depth h is related to the ground acceleration by equilibrium

= ~X~~ (A ) r
max g max d

where y = total unit wei ght of soil

h depth to region where liquefaction is
expec ted

A = maximum s u r f , --c e accelerationmax
rd = acceleration correction factor
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Figure 3—8. Approximate equilibrium representation.

The f a c t o r  r d is used to reduce the surface acceleration for depth since
the soil is a deformable body ra th er than a r ig id one . Figure 3-9 g i v e s
a range of v a l u e s  f o r  r with depth. The actual time history of motion
w i l l  have an i r r e g u l a r  fo rm (F igu re  3- 10),  and an e q u i v a l e n t  average
stress is taken as 65% of the maximum which corresponds to art equivalent
number of uniform cycles. Thus , the average stress i is

T = O.65 (i~
_
”
\A r

av g max d

Evaluation of earth quake da ta has provided information on the equivalent
number  of si gn ificant stress cycles that can be expected as a function
of ear th quake magn i tude , wh ich will be presented later in this chapter .

Having the number of cycles , the average applied shear stress and
the effective confining stress Cs ’ , vertical stress), a s imp le pr ocedure
can he used to determine the liquefaction factor of safety . The number
of cycles ca u s i n g  l i q u e f actio n can be de te rmined by a l a b o r a t o r y  t es t -

program using cyclic loading triaxial compression tests. Correction
factors have been developed by DeAlba , Chan , and Seed (1975) (Figure
3—h a) to relate triaxia l tests to (free-field) field observation .
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Addi tiona l correction factors for mu ltidi reclional shaking (Pyke , Cha rt
and Seed , 1974) and soil in si tu overconsolidation (Flulilis , Ch an , and
Seed , 1975) are also given (Figure 3-ila arid b). Laboratory tests on
undisturbed samples should be performed to determine the number of
uniform cycles of shear causing liquefaction as a function of lay/d y .
The factor of safety is defined as the ratio of resisting shear stress
capacity (determined from corrected triaxial test) to app l i ed  shear
stress (i  calculated above) for the number of equivalent uniform
earth qua ke cycles expec ted .

Figu e 3-12 is a summary of triaxial test data comp i led by Donovan
(1974). The data is normalized in terms of stress ratio divided by
rela tive density and is limited to D

r 
less than 75%. The value of is

used as the effective confining stress. The mean value of the data in
Fi gure 3-12 appears to be a fairl y good repres en ta t ion for  un i f o r m  sa nds
and cou ld be used when undis turbed samp les ~tre not available for testing.
Sin ce this curve represents triaxial test results , the stress ratio must
be corrected for app lication to the field.

There are 34 cases of observed li q u e f a c t ion wh e re d at a of gro und
motion and site profile were estimated (Seed and Peacock , 1970). This
data was used to plot the points shown in Figure 3-13 correcting field
data  to t r i a x i a l  c o n d i t i o n s . As can be seen the re  a re  no cases in w h i c h
l i q u e f a c t i o n  was observed w h i c h  ex tend  below the ~mean m i n u s  one s t a n d a r d
devi ation and no cases in which liquefaction was not observed which
e x t e n d  above the mean plus one standard deviation. Thus additional
v a l i d i t y  is provided for Figure 3-12.

APPLICATION OF SIMPLE HAND COMPUTAT iON IN DEVELOPING CHARTS

To e v a l u a t e  the l i q u e f a c t i o n  po ten t i a l  of a deposi t  it  is necessary
to determ ine whether the shear stress induced at any depth by the earth-
quake i is large enough to cause liquefaction at that depth as indicated
by cor r~~ ted da ta from Figure 3-12 or by labora tory tests. For uniform
deposi ts in which the water table is at a depth of 0 to 10 feet , the
critical depth will often appear to be about 20 feet. Thus , the evalua-
tion (an often be made simply for a representative element at one of
these depths .

Consider for example , a deposit of sand for which the water table
is 5 feet below the ground surface and which is subjected to 10 cycles
of ground shaking . The average shear stress induced will be:

Ic ;  \
= 0.65(-__ !.J(A ) rav ~ g / max d
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At a depth of 20 feet , rd 
= 0.95 (see Figure 3-9) giving

a
I = 0 .65 x 0 .95 x
av g max

From Figure 3-12 the shear stress required to cause initial liquefaction
for 10 cycles is

T/ ( c Y~ Dr
) 0 .5

and

IC r
I /G =av v a

Thus ,

I = 0.5 ci ’ C Dav V r r

where D is expressed as a decima l va lue  and C is ob ta ined  f rom Figure
3- 11. r r

Equating the applied t with Tav 
to give initial liquefaction

g ives

~~0 \
0.65 x O.95(._!~)A = 0.5 ci ’ C D

max v r r

Amax 
= 0.81(—Y-~ C D

g \G~ J r  r

where = yh
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Assume a total saturated density of 132 lb/cu ft , a total density above
the water table of 117 lb/cu ft , and  a buoyant density of 69 lb/cu ft.
This reduces to

A 1620= 0 .81 x x C D
g 2565 r r

A
max 

= 0.512 C Dg r r

For 10 cycles , C r 
= 0 .57

A
- 

maX .. 0.29 D
g r

Thus , the f o l l o w i n g  can be determin ed :

D A /g*r max

0.40 0.116

0.50 0.145

0.60 0.174

0.70 0.203

The above values give the acceleration required to cause initial lique-
f ac t io n a t a dep th of 20 fee t with the water table at 5 feet , subject
to 10 cycles of ground shaking.

Observed cases of liquefaction from Seed and Peacock (1970) are
summarized in Figure 3-14 from which the following may be stated:

~Causing liquefaction in 10 cycles.

70



Flax m um
Ground Li quefaction Liquefaction Potential Liquefaction

Su rface Very Depends on Soil Type Very
A c c e l e r a t i o n  Like ly and Ea r thquake  M a g n i t u d e  U n l i k e l y

0.lO g D <33 3 3 < D  < 54 D >54
r r r

0.lS g D <48 4 8< D  < 7 3  D > 7 3r r r
0.20 g D -< 60 60 < D < 85 D > 85r r r
0 .2 5 g  D < 70 7 0 < D  < 9 2  D > 9 2r r r

The (lata from Seed and Peacock may also be plotted to give Figure
3-15.

The va lue s  of r e l a t i v e  dens i ty  may be conver t ed  to v a l u e s  of
s t a n d a r d  p e n e t r a t i o n  as a f u n c t i o n  of depth  (see C h a p t e r  4). Charts
have been prepared by Seed and Idriss (l97Oa) giving the range of pene-
tration resistance values in which li quefaction mig ht be expected ,
Figures 3-l6a and b.

SIMPLE COMPUTER ANALYSIS

Donovan (1974) has developed a compu ter program based in part on
the simp le soil model described in the previ ous section . The earthquake
record is represented in terms of the peak acceleration , duration , and
predominan t frequency . The number of cycles at various acceleration
levels i s determined by a Rayleigh dis tribution. Miner ’ s Linear Damage
criteria are used to convert the different stress levels to an average
stress for computation of a factor of safety. Donovan (1974) has compiled
vario us triaxial test data , Fi gure 3—12. Th is data is u~~ d in t h e
program as a measure of the soil shear strength. The input , to the
program requires a soil profile , limited knowled ge of soil material and
l i m i t e d  knowled ge of the e a r t h q u a k e . The inpu t  to the p rog ram is s imp le
a : l i l  stra i gh t f o r w a rd , consis ting of the following:

I . Rel ative density of the soil layer of interest

2. Depth to center of the layer

3. Correction factor for triaxial test data (Figure 3-11)

4. Pressure produced by total wei ght of material above
center of layer

( c o n t i n u e d )
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S Li quefaction , maximum ground acceleration recorded

• Liquefaction . maximum ground acceleration estimated

No liquefaction , maximum ground acceleration recorded

® Ni liquefaction , maximum ground acceleration estimated
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Fi gure 3—14. Evaluation of l iquefaction potential for sands (water table
5 feet below ground surface) (“Evaluation of Soil Li quefaction Effects

uf l  i.evel Ground During Earth quakes ,” by H. B. Seed , in ASCE Pr cjr in t
2752 of L i q u o f a c t i u n  P r o b l e m s  in Geot e h n i c a l  E n g i n e e ri n g ,  ASCE

Annual Convention , Ph i lade l phia , Pa., 27 Sep—i Oct 1976).
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( 4 c ____________________________________ __________________________________________________— _________

• 1.ique fact ion - maximum ground acceler a tion recorded

• Lique fact icn . maximum ground acceleration est imated

No liquefaction maximum ground acceleration recorded

® Nil liquefaction - maximum ground accelera tion estimate d
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F i g u r e  3—1 5.  R e l a t i o n s h i p  between (1 hv ) av / O~ and r e l a t i v e  d e n s i t y  f o r
known cases of liquefa ction and nonliquefaction (frotn Report No.

E E R (~ 70—8 by H. B. Seed and V. H. Peacock , Nov 1970).
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5. Effective stress at center of layer

6. Factor relating peak stress to root-mean-square value
(3.5 to 4.5 is used) (see Donovan , 1974)

7. Red uction of stress for depth (usuall y 0.9 to 1.0)

8. Maximum surface acceleration

9. Duration of earthquake

10. Fundamen tal period of soil deposi t

11. Data pairs defining the Tav/ 0 1, ratio versus t he
n u m b er  of cycles (Figure 3—12)

The fundamen ta l pe riod of a soil deposit given as item 10 above is
equa l to the fundamental period of the soil overlying rock-like formations
when subject to verticall y propaga ting shear waves . For this usage , a
rock-lik e formation is defined to be any material in which the shear
wave veloci ty at small strains is about 2,500 ft/s or greater. The
limi t to depth is taken to be 500 feet. Based on this , the na tural
peri od will va ry from less than 1.0 second to 2.5 seconds. The value
0 .5 second is u s u a l l y used as a min imum natural period . Firm sites ,
where only dense granular soils overlie bedrock and the depth to bedrock
is less than 30 feet or where very dense cemen ted granul ar soils overlie
bed rock and the depth of bedrock is 70 feet or less , may be considered
to have a natural period of 0.5 second . For soi ls  where  the shear  wave
veloci ty of the soil does not decrease markedly with depth , the charac-
ter i s tic site period may be compu ted by:

T -

R V
5

where H = the dep th of soi l  overl y ing  bedrock

V = average shear wave velocity of soil as measured
in the field

R = correction factor to V for higher strain levels
as f o l l o w s :

Earth quake Peak
R Magnitude Acceleration

0.9 6 0.l g
0.8 6 0.2 g
0 .67 7 O .3 g
0.67 7 0.4 g
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The program computes the number of cycles by dividing the duration
of the earthquake by the period of the soil deposit.

An examp le problem is given in Figure 3-17.

COMPLEX COMPUTER ANALYSIS , ONE-DIMENSIONAL MODELS

A soil profile may be analyzed as a one-dimensional shear wave
prob l em assuming the stress wave to be only a vertically propagating
shear wave . The differential equdtions of motion can be solved in
clos.~d form for linear elastic soil properties. This has been done by
Seed and ldriss (1969) and Kanai (1961) to provide a one-dimensiona i
analysis of sites of simple geometry . However , the stress-strain charac-
teristics of a site are highl y nonlinear , hysteretic , and strain-dependent
as show.,. in Chapter 2.

Streeter , et al. (1974) developed a computer program using the
method of cha racteristics for calculating one-dimensiona l dynamic behavior
o~ soils. A soil profile is divided into layers down to bedrock.

- - :n a i nj c  excitation of the soil is introduced at the rock-soil interface .
The response of the soil can be evaluated on the basis of elastic ,
viscoelastic , or nonlinear (Ramberg-Osgood) soil behavior. The program
determines shear , veloc ity ,  and disp lacement information.

An analytical technique for anal yzing the response of horizontal
soil p r o f i l e s  to ear th quake mot ion  is described by Seed and I d r i s s
(1969 , 1970b) and Idriss and Seed (1968, 1970). The soil profile is
idealized by a series of discrete masses and springs with linear viscous
dampers .  The nonlinear  and hys tere t ic  s t r ess_ s t r.l in  c h a r a c t e r i s t i c s  of
the s o i l  are i n t roduced  by using an equiva lent  shear  modulus  and an
e q uiv a l e n t  viscous damp ing f a c t o r  which can vary  wi th  each layer of soil
prof tle and with the strain level within the l aye r .  The equiva len t
shear modulus for a given st am level is taken as the slope of the
diagona l line (average slope) drawn through the hysteresis loop , wh ich
is shown in Fi gure 3-18 for  a cycl ica l ly loaded l abora to ry  specimen.
The a - - ’ra ~ e equiv alen t viscous damping c o e f f i c i e n t  is propor t iona l  to
the r a t i o  of area of the hy s t e r e t i c  loop , as shown in the f i gure , to the
maximum stored energy during the cycle.

An iterative procedure is used to obtain strain compatible values
of shear modu lu- 1 and damping . The response of the soil profile modeled
as d i s c r e t e  masses is computed , and s t r a i n s  are  de termined.

77

_ _  - - 

- _ _



EXAMPLE DATA SET FOR LIQUEFACTION BY STOCHASTIC PROCEDURES: N (D 6-7-~
EL CENTRO EARTHQUAKE OF 1940. LIQUEFACTION IN BRAWLEY , CALIF. (M=7.O)

LIQUEFACTION EVALUATION BY D ON OVAN ~ S STOCHASTIC PROCESS FOR LAYER
N U M B E R  1 AT DEPTH OF 15 .0 FEET , NARROW BANDWIDTH USING ASSLME:
RAYLEIGH DISTRIBUTION
LIQUEFACTION POTENTIAL ESTIMATION BASE ON INTERPOLATION OF A
SERIES OF POINTS ON A (TkU/SIGMA ) VS LOG1O (NLMBER OF CYCLES)
RELATIONSHIP. DATA FOR A RELATIVE DENSITY OF 55 PERCENT

TAU/S I GMA NUM BER OF CYCLES

1 .421 1.00
2 .359 3.00
3 .332 5.00
4 .297 10.00
5 .265 20.00
6 .225 50.00
7 .198 100.00
8 .173 200.00

AVERAGE MAXIMUM SHEAR STRESS = 180.0 PSF
PEAK VALUE SIGMA LEVEL = 4.0
SIMPLE SHEAR CORRECTiON FACTOR = .59
DEPTH EFFECT REDUCTION FACTOR = 1.00
PEAK SURFACE ACCELERATION = .100 C
EFFECTIVE NORMA L STRESS = 1800.0 PSF
FUND AMENTAL PERIOD = .50 SECONDS
DURATION OF STRONG SHAKING = 30.0 SECONDS
MOST PROBABLE NUMBER OF CYCLES = 60
RELATIVE DENSITY 55.000

ALL STRESS VALUES REPRESENT THE 4.00 TIMES SIGMA LEVEL

LIQUEFACTION VILL NOT OCCUR AT A RELATIVE DENSITY OF 55.000

ITERATION NUMBER = I
PEAK SHEARING STRESS = 180.00 PSF

STRESS CUMULATIVE
PSF DAMAGE

180.00 15.154E—03

ITERATION NUMBER = 17
PEAK SHEARING STRESS = 487 .69 PSF
FACTOR OF SAFETY = 2.709

STRESS CLM’ I ATIVE
PSF DAMAGE

487.69 99 .977E—O2

F ig u r e  3— 17.  E x am p l e  p r o b l e m  u s i n g  s imp le c o m p u t e r  p r o y r a m .
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Figure 3—18. Equivalent linear shear moduli and damping
used in discrete mass model (from H. B. Seed

and I. M . Idriss , Jan 1969).

Another automated-ana lysis technique , more widel y used today for
t rea t ing  horizontal soil layers , has been developed by Schnabel , Lysm er ,
and Seed ( 1 9 7 2 ) ,  based on the o n e - d i m e n s i o n a l  wave p r op a g a t i o n  m e t h o d .
This program , SHAKE , can compute the responses for a given horizon tal
e a r t h quake  a c c e l e r a t i o n  s p e c i f i e d  anywhere  in the system . The a n a l y s i s
i n c o r p o r a t e s  n o n l i n e a r  soil behav io r , the e f f e c t  of the e l a s t i c i t y  of
the base rock , and v a r i a b l e  d a m p i n g .  I t  computes  the  responses in a
system of homogeneous viscoelastic layers of infinite horizontal extent ,
subject to vertically traveling shear waves. The program is based on
the c o n t i n u o u s  s o l u t i o n  of the w a v e - e q u a t i o n  adap ted  fo r  use wi th tran-
sient motions through the Fast Fourier Transform al gorithm . Equivalent
linear soil properties are obtained by an iterative procedure for values
of modulus and damping compatible with the effective strains in each
layer. The following assumptions are made :

1. The soil layers extend infinitely in the horizontal direc-
tion .

2. The layers are comp letely defined by shear modulus , critical-
damping ratio , density and  t h i c k n e s s .
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3. The soi l  v a l u e s  are  independen t  of f r equency .

4. Only  v e r t i c a l ly p r o p a g a t i n g , h o r i z o n t a l  shear  waves are
cons ide red .

The soil model is similar to that developed by Seed and Idriss
( l 9 70c ) ,  u s i n g  data based on H a r d i n  and Drnevich  (1970) as d i scussed
e a r l i e r  ( C h a p t e r  2 ) .  The abso lu te  range of soil p a r a m e t e r  v a r i a t i o n  may
he s t i p u l a t e d  by mere ly  i n-p u t t i n g  f a c t o r s  whose numer i ca l  va lues  may be
der ived  f r o m  s imp le  soi l  s t r e n g t h  p r o p e r t i e s .  These strength properties
may be the u n d r a i n e d  shear strength of a clay or the relative density
for sands as shown in Chapter 2.  The p rog ram requi res  the d e f i n i t i o n  of
the  soi l  p r o f i l e  down to bedrock (assumed as seismic velocity 2,500 f t/ s )
as we l l  as an e a r t h q u a k e  t ime h i s t o r y  record in di g i t a l  form .

The mot ion  used as a bas i s  fo r  the ana lys i s  can be given in any
l a y e r  in the system , and new mot ions  can be computed in any othe r l a y e r .
Maximum s t resses  and s t r a i n s , as we l l  as t ine h i s t o r i e s , may be ob t a ined
in  the midd le  of each l aye r .  Response spectra  may be obtained and
amp l i f i c a t i o n  spect ra  de termined .

For liquefac tion ana lysis of a soil profile the stress history of
the  v a r i o u s  l a y e r s  is compared to t he i r  s u s c e p t i b i l i t y  to l i q u e f a c t i o n .

The calcula ted shear stress history is used to de termine  a numbe r
of equivalent cycles of load at an average stress level from which
T / G ’ is determined. The l i q u e f a c t i o n  s u s c e p t i b i l i t y  may be measu red
d i r e c t l y by c y c l i c  loading test or estimated on the basis of Figure 3-
12.

For l a b o r a t o r y  c y c l i c  load tes ts , soil  specimens are prepared to
represent  the  in s i t u  c o n d i t i o n s  and are  subjec ted  to s tress cycles of
v a r i o u s  m a g n i t u d e s  to de te rmine  the number of ac tua l  cycles  necessary to
cause liquefaction . The triaxial test information corrected to field
cond i t i ons  is used to estimate the shear stress level to cause liquefac-
tion for the number of cycles determined in the computer analysis. The
factor of safety is the ratio of the resisting shear strength from the
triaxial test data to tile applied shear stress level from the computer
a n a l y s i s .

Lee and Chan (1972) have developed a procedure  for  computing the
equivalen t number of cycles. The term equivalent number of significant
cycles ~~~ r e f e r s  to that number of uniform cycles of stress intensity
T av w h i c h , i f  app lied to an element of soil , would have the same effect
i n  terms of the soil strength or deformation as if the actual train of
irregular cyclic shear stresses were app lied (see Figure 3-19). The
value of I is usually taken to be equal to 0.65 1 maximum . To convert
the a c t u a l~~~t ress  t ime h i s t o r y  in to  an equ iva len t  number of u n i f o r m
cycles , divide the stress range (0 to i maximum) into a convenient
number of levels and note the stress w i t h i n  each  level  or increment , I .
as shown i n Figure  3-20. The actua l number with peaks in the computed’
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stress history which fall wi thin each of these levels is counted n -

Since the a c t u a l  t ime h i s t o r y  is not symmet r ic  about  the zero stre~~
axis , the number of peaks on both sides are  counted , and two peaks are
equivalent  to one cycle. A shear strength curve from laboratory tests
or Figure 3-12 is corrected to field conditions . This curve represents
a f a c t o r  of sa fe ty  of 1.0 ; t he o r e t i c a l l y  the va lues  on the curve should
be divided by the es t imated  fac tor of sa fe ty to correct ly show the true
relationship for the soil under the specific earthquake .

The number  of cycles N 1. and N 1 cor respond ing  to the incremen tal
st ress levels and I level Are  o b t a i n e d .  The ratio of the number of
cycles a t the I s~~ ess level to cause liquefaction N to the numberav.  - lay -of cycles at the incremental stress levels to cause liquefaction N

1
. is

used to mul tiply the actual number of counted cycles at that increm~nta1
stress  level n ..  These r a t ios  are summed fo r  a l l  n increments  of
s t ress  f rom 0 1

max

I N  \ /
~~ I ~ \ ~c actual

N = >1 N 
av from test data or Figure 3-l2 J ( n SHAKE

q i l \  1. / \~ 
ti da ta

\ 1 / \

If the estimated factor of safety is correct , N determined from the
summat ion  would equal N

1 
from the l abora to ry  ~~ st da ta  or Fi gure  3-12

at the average stress le~~l. If it does not , revise the estimate of the
f a c t o r  of s a f e t y  and repea t .  In p r a c t i c e  it has been found tha t  i t  is
not necessary to multiply the strength curve by the estimated factor of
safety . In this case the factor of safety would then be the r a t i o  of i

at N from test data divided by Ieq av

Seed , et a l .  (1975) have proposed F igure  3-21 as an average  shape
representation of the relationship between stress ratio and number of
cycles to liquefaction . Using Figure 3-21 , Figure 3-22 is generated; a
f a c t o r  of s a f e t y  of 1.5 is appl ied  to produce the lower curve . From
this curve , Table 3-1 is obtained which gives conversion factors for
e q u i v a l e n t  s t ress  levels .  An example is g iven in Figure  3-23. Seed , et
al. (1975) have also evaluated the equivalent number of uniform stress
cycles based on strong motion data (Figure 3-24).

EFFECTS OF SOIL AND SITE PARAMETERS

Frequently, the parameters needed in the response studies are
poorly defined at a given location . Often , the values of these parameters
must be assumed in order to perform the ground response analyses.
Experience has shown that variations in the value of any one of the
parameters  may a f f e c t  the solut ion d i f f e r e n t ly f rom site to site , and no
general rules may be formulated at this time to establish the influence
of the  v a r i a b l e s .
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f rom se ismic  s t r e s s  h i s t o r y .
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Number of Cycles Required to Cause Initial Liquefaction

Figure 3—21 . Representative cu rve  f o r  r e l at i o n~~hi p between c’,’clic
stress ratio and number of cycles to liquefaction

( f r o m  H . B. Seed , 1976 ) .
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reduce d for Factor of Safety — 1.5
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Number of Cycles Re quired to Cause I.iquefaction

F i g u r e  3—22. Representative relatiorship between r/T max and
number of cycles required to cause liquefaction

(from H. B. Seed , 1976).
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T~.Lble 3—1. E q u i v a l e n t  Stress  Levels Based on F igure  3— 17

Single  Cy c l e  a t  t he  E q u i v a l e n t  Number
Following Stress of Cycles at

Lev els (T 1r~~x
) 0 . 6 5  T max

1.0 - 3

0.95 2.7

0.9 2.4

0.85 2 .05

0.8 1.7

0.75 1.4

0.7 1.2

0.65 1.0

0.6 0.7

0.55 0.4

0.5 0 .2

0.45 0.1

0.4 0.04

0.35 0.02
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OR ION BLVD RECORD , E - w  COMP , SAN FERNANDO EARTHQUAKE , ~ 7I
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o.0792 41. - 
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_ ___
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~ ~ ~~ U ~~~~ ~~~~~~~~~~~~~~~~~~~
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~~~~ ~~~~~~~ ~~~~~~~~ 
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~~ 1~i :  ~~:r~~~: ~~~~~~~~~~~~~~~~~~~~~~~~.o528 = - -  ‘ ‘ I ’  I- . .  - ~~~~~~~~~~~~~~~~~ —4,, 

_ _
-0.0792 . - - -1-- - -— - 

~~~
— 

~~.1056 ~~ - —-— J --- — _______ 

_ 
- ______ --

O.1320 - - _ _ __. — . .~~~~0 2 4 6 8 10 12 14 16 18 20 22 24 2~
Time (s)

A B O VE HORIZONTAL AXI S BELOW HORIZONTAL AXI S

St res s Lev el 
- 

Number of Conversion EQulvo lent Number of Con v ersion Equivalent

Froction Of~~mo~ Stress Cycles Foct~ 
No of Cycle s Stress Cyc les Foct~ 

No of C ycles
________  

OtO6 5tm oz  0 065 m~~
— — I 300  300

095 - 3 2.70 8 - 10  — — —

090 I 240 2 40 — — —

085 - 2 205 4. 10 I 2 .05 2.05
080 • 

— 

— — — 2 1. 70 3.40
0.75 - 3 1.40 4 20 — — —

070 — — — 2 1.20 2 .40
065 - 

- 
I 100 1 .00 I ‘ .00 l .OC’

060 - 2 0.70 
- 

1 .40 I 0.70 0.70
0.55 

- -  

3 040 1 .20 3 0.40 1.20
050 I 020 

- 
020 5 0.20 1.00

045 
- 

3 0.10 
- 

0.30 5 0.10 0. 50

040 - 3 004 0 12  — — —

0 3 5  - 5 002 010 7 002 0.14
030-  — — — — — -—

Total 23 .1 2 
- - -  -_____ 

Total 15 39

Ave ~oge number ~I c y c l e s  0? 065 tmQ~ ‘ 19.3 0

F i g u r e  3-23.  E v a l u a t i o n  of e q u i v a l e n t  u n i f o r m  c y c l i c  st r e s s
s e rie s , Or ion  Bou leva rd  record , e a s t — w e s t  comp onent

( f r o m  H. B. Seed , 1976) .
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o 1 1 ~~~~~~~~
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Fi g i ri’ 3—24. Equiv alent numh , r~-i of u n i f o r m  s t r ’ s s  c v c 1 i .~
b;ised on all cionponents if ~round motion

(from H. B. S .d , 1976) .
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F.irth quake not  I O n S  a r e  p r o d u c e d  by a stress wave , viii cli is traiismi 1—
ted more rap i d l y  and  w i t h  less  e n e r gy  loss  t h r o u g h  the bedrock than
t h r o u g h the  o v e r l y i n g  s o i l s .  When th e  b e d r o c k  has  a h o r i z o n t a l  s u r f a t i ’
of g r e a t  e x t e n t  and the overly i ng soil layers are also horiz ont al , i t  i s
I requ en t l y  assumed t h a t  the e a r t h q u a k e  n o t i o n  wi  t h i  ii the soi  I i s  p r o d u c e d
e s s e n t i a l l y  by h o r i z o n t a l  s h e a r  waves  w h i c h  p r o p a g a t e  u p w a r d  t h r o u g h  t h e
soil from the bedrock surface. This assumption greatl y simp lifies t h e
.i nal ysis since t h e  problem can he reduced to a one—dimensional s h e a r
wave prob lem . This is a simp i ificat ion , since ver tical components of
the earth quake motio n are always present a n d  t h e  wave t r a n s m i s s i o n
p r o b l e m  may  be more  comp lex than can he sim ulate d in a one-dime n sional
model

When t h e  bed rock  or  s o i l  l ay e r s  a r e  i n c l i n ed , a one-di m ensional
st i e a r  wave a s s u m p t i o n  is  q u e s t i o n a b l e , and  a t w o - d i m e n s i o n a l  mode l  may
be r e i 1u i red to  a c c o u n t  fo r  t h e  niore comp i cx geome t ry a n d  wave n o t i o n .

L ysmer , Seed , and Sch n a h e l  ( 1 9 7 0 )  have  shown that under identical
b o u n d a r y  c o n d i t i o n s , the  l umped mass  s o l u t i o n  and the wave propagation
solution are basicall y the same . Arango and Di et rich (1972) have inves-
tigated t h e  v a r i a t i o n  of p a r a m e t e r s  f o r  the  two m e t h o d s .  They no te
close agreement in peak levels of motion with sonic differences in computed
time histori ~ s.

I)epth to Bed r io  k

In many cases the depth to bedrock is not well-defined . A p relim-
i n a ry a n a l y s i s ma y be r e q u i r e d  to a s sess  t h e  i n f l u e n c e  of d ep t h  t o
bedr ock on the ground response. Dezfu lian and Seed (l~ 69) have shown
t h a t  an i n c r e a s e  i n  t h i c k n e s s  of t h e  dep o s i t  may or may not  cause  a
s u b s t a n t i a l  c h a n g e  i n  s u r f i c e  m o t i o n .  T h e i r  s t u d i e s  show t h a t  f o r
s h a l l o w  depos i t s , an i n c r e a s e  i n  t h i c k n e s s  of m e d i u m  sand f r o m  38 f ee t
(12 meters) to 50 f e e t  (~~5.6 meters) reduced the response significantly.
Incre asing the thickness to 80 fee t  ~25 meters) reduced t he  response
s ti l l  more , b u t  a further i n c r e a s e  f rom 80 to  100 feet (31.2 meters) did
not produce any a d d i t i o n a l  r e d u c t i o n  i n  the response.

For much ili eper deposits , 1 ,000 feet (330 meters) , Kiefe r , et a t .
(1970) analyzing the c o n d i t i o n s  a t  Osaka , f o u n d  t h a t  t h e  response  was
tot very sensitive to the range of depths investigated .

Arango and Dietrich (1972) studied the  v a r i a t i o n  f o r  d e p t h s  to
bedrock equa l to 600, 800 , and  900 f e e t .  The v a l u e s  of the  m a x i m u m
acceleration and the v e l o c i ty  and  ac e t e r a t i o r t  s p e c t r a  a r e  shown i n
Fi gure 3—25 . The acceleration spectra for two depths t in bedrock at
Stud y Site A ~i rr a1so shown in Figure 3-25 .
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The above examples  show t h a t  f o r  sh a l l o w  so i l  d ep o s i t s , the  dep th
t o bedrock may or may no t si gnifican tly affect the response. Deep soil
depos i t s  a r e  in  genera l  less sensitive . Preliminary studies using a
reasonab le  ran ge  of dep th  to bedrock  s h o u l d  precede any ground response
calc ulation phen uncertainties regarding the actual depth are present.

Infl uence of Soil Profile

The frequency characteristics of the ground motions and the form of
the ground response spectra may be influenced by the nature of the soil
cond i t ions  unde r l y ing the s i t e s .  This is i l l u s tra ted b y the studies  by
Arango  and D ie t r i ch  (1972) .  D i f f e r e n t  soil p r o f i l e s  were used in the
response ana l ysis as shown in Figure 3-26. The values of the maximum
accel eration and displacement obtained are shown in Figure 3-27. The
corresponding response spectra are shown in Figure 3-28. Significant
changes in response can result from variation in soil p r o f i l e , and grea t
ca re  m u s t  be p laced on the correct site strati graphic representations .
The impor t ance  of the t ime h i s t o r y  of the g round  mot ion  on the  response
va lues  is also appa ren t  b y compar ing  the spec t ra  from Figure 3-28a to
tha t of F i g u r e  3-28b .

Soil Rigidi ty

Since the s t i f f n e s s  of the soil  depos i t s  can only  be app rox ima ted ,
i t  is  o f t e n  d e s i r a b l e  to run p r e l i m i n a r y  response a n a l y s e s  us ing  the
most reasonable values of the shear modul i  fo r  the v a r i o u s  so i l s  and
v a l u e s  (say  50% to 100%) grea ter than those jud ged to be the mo s t  reason-
able. Arango and Dietrich (1972) calculated the maximum ground surface
acceler .~t i on , -‘round disp lacemen t , the fundamental period of the soil
col umn , a nd the response spec tra by using the average values of the
shear moduli and values 50% higher . The results of the calculations are
shown in Figure 3—29 . In some cases , errors in the estimated shear
moduli cause minor differences in the calculated ground response wh ich
have no p rac t ical  si g n i f i c a n c e  for  eng ineering purposes. In other
cases , howeve r , i t h as been found tha t  great  d i f f e r e n c e s  may occur  as a
consequence of varying the values of the shear moduli.

Ampli tude of Rock Acceleration

Schnabel and Seed (1972) have indicated that spectra l acceleration
values ire often not significantly influenced by substantial reductions
in maximum acceleration levels in rock. It was found that generally a
reduction of 15% to 25% in maximum rock acceleration va lues will affect
the spectral i t  eleration by less than 10%.
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(b) Site intensity = 8+ earth quake .
Figure 3—27. Response of soil models (from “Soil and Earth-
quake Uncertainties on Site Response Studies,” by I. Arango
and R. J. Dietrich , in Proceedings of the International
Conference on Microzonation for Safer Construction

Research and Application , 30 Oct-3 Nov 1972).
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Fi gure 3—28. Response spectra (from “Soil and Earthquake Uncertainties
on Site Response Studies ,” by I. Arango and R. J. Dietrich , in
Proceedings of the International Conference on Microzonation

for Safer Construction Research and Application ,
30 Oct—3 Nov 1972).
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190 Sand and Gravel
(Recess ional Outwash) 130 100

90 Till 140 300

500 to
1 000 Hard Clays 135 20,000

Rock

(a) General ized soi l profile.

Figure 3—29. Effect of variation of material prop erties (from
“Soil and Earthquake Uncertainties on Site Response Studies ,”

by I. Arango and R. 3. Dietrich , in Proceedings of the
In terna tional Conferen ce on M ic rozona ti on for Safer

Construction Research and App lication ,
30 Oct— 3 Nov 1972).
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Frequency Content of the Rock Motions

The form and frequency characteristics of the base input may have a
very significant influence on the response of soils. Arango and Dietrich
(1972) studied a site under two different earthquakes (Figure 3-30). As
shown at the right side of Figure 3-30, the two acceleration histories
applied to the outcrop rock had the same peak acceleration and the
spectra were similar. However, the small differences in frequency
caused the motion to be amplified differently in the three soil columns .
Therefore , two or more histories of acceleration should be considered in
any given response study in order to define the relative magnitude of
the ground response at any given location .

COMPLEX COMPUTER ANALYSIS , TWO-DIMENSIONAL MODELS

As pointed out earlier , when the ground surface or the soil layers
are inclined , one-dimensional wave assumptions may not be valid and a
two-dimensiona l model may be required to represent the more complex
geometry . Although two-dimensional liquefaction analyses are not in
routine soil practice , the same procedures for evaluation of a stress
history can be utilized . Finite element representations have been used
to study dams and embankments.

Idriss , et al. (1973) have developed a two-dimensional finite
element program — QUAD-4 — for the evaluation of seismic response of
soil deposits. This program allows for variable damping in each element
using a Rayleigh damping expression for that element. The damping
matrix for the entire assemblage of elements is obtained by appropriate
addition of the damping submatrices of all the elements.

The response is evaluated by the solution of the equations of
motion using direct numerica l integration methods with a time increment
small enough to provide stability . The program uses plane strain quadri-
lateral and triangular elements. An iteration procedure is used to
determine the strain-dependent modulus and damping for each element ,
based on the average strain developed in that element . The relation of
modulus and damping is based on Seed and Idriss (l970c). The solution
is obtained using the modulus and damping for each element which is
compatible with the average strain. The developers of the program
report that comparison with one-dimensional methods shows that the
finite element solution values of shear stress are about 10% greater.
The response spectra of one- and two-dimensional methods are of similar
shape. Major differences on response spectra occur only when the input
motion has large amounts of high frequency components or when the finite
element model is very coarse. The addition of variable damping makes
the response calculation results in better agreement with recorded data .
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Lysmer , Udaka , Seed , and Hwang (1974) have developed a two-
dimensional finite element program , LUSH (revised version called FLUSH),
which solves the transient response problem in soil sites by complex
frequency response. It can calculate the response of sloping soil
layers and can include the soil-structure interaction effect. The
program accounts for the nonlinear effects which occur in soil masses by
a combination of the equivalent linear method described in the section
on one-dimensional analyses (Seed and Idriss , 1969) and the method of
complex response with complex moduli allowing for different damping
properties in all elements.

The model consists of plane quadrilateral or triangular elements.
Three different material types are provided for: nonlinear clays and
sands , elastic solids , and rigid solids . Typical relationships between
stiffness , damping , and effective shear strains for sand and clay are
provided within the program . These are similar to the curves used in
SHAKE. Viscous damping is introduced by using complex moduli in the
formation of the stiffness matrix which lends to the same amplitude
response as nodal analysis with a uniform fraction of critical damp ing
The initial soil properties are specified at low strain level (q = iO ’~%
strain) and the program iterates to find material properties at strain
levels compatible with the specified motion.

The mesh size of elements in the model should be small compared
with the wave length of shear waves propagating through the model. A
suggested maximum height element is

h = (+) x 
~~~~~~~~~~~~~~~~~~

where h = element height

A = wavelength of shortest shear wave

V velocity of shear wave at strain level of
S earthquake

w highest frequency of the analysis

The existing methods for liquefaction evaluation discussed above ,
including finite element programs , do not compute the pore pressure
change with loading directly from the material properties and the actual
shear strain produced by the actual time-dependent load . The process of
liquefaction transforms an element of soil from a saturated granular
solid to a viscous fluid. As a result of this change of material state ,
the soil in a liquefied zone has reduced shear strength and can undergo
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Large displacements. The actual in situ pore water pressure determina-
tion under dynamic field loading conditions is of major interest in the
analysis of the liquefaction potentiality of a soil. The following
paragraphs present some current research in progress.

Ghaboussi and Dikmen (1977) have proposed a method for determination
of pore pressures and intergranular stresses by considering the soil as
a two-phase medium . In the two-phase representationof saturated soils
the granular solid skeleton and the fluid are treated as independent
materials with individual material properties. The coupling between the
volume changes of fluid and solid skeleton is taken into account through
an additional material parameter. The flow of fluid with respect to the
solid is assumed to be governed by a generalized form of Darcy ’s flow
law , for which the material’ s parameter is the coefficient of permeability .
The bulk modulus of the fluid , the coupling material parameter , and the
coefficient of permeability is assumed to remain constan ’ in the present
dynamic analysis. The solid granular skeleton , in contrast , is a highly
nonlinear material. A realistic constitutive relation for the solid
skeleton of saturated granular soils must be capable of simulating the
important nonlinear features such as dilatancy , compaction , shear failure
and load reversal effects. Stress compaction , a factor in the pore
pressure built up, is of special importance in liquefaction anal ysis.

The onset of liquefaction in an element of saturated soil is to be
determined by a “liquefaction criterion ” defined as reduction of the
mean intergranular pressure . The initiation of liquefaction in any
analysis , as determined by satisfying the liquefaction criterion , marks
the boundary between two behavior conditions for an element of soil. In
the pre-liquefaction state the soil is treated as a two-phase , fluid-
saturated , porous solid. The important characteristic of a potentially
liquefying soil at this stage is the increase of the pore pressures
accompanied by the decrease of the mean intergranular pressure . After
the initiation of liquefaction the behavior of an element of soil changes.
A second material model is used to represent the post-failure behavior.

The analysis in the pre-liquefaction stage will lead to determination
of the potentiality of liquefaction . If the extent of the development
of the liquefaction , and the associated stress and pore pressure distribu-
tion are of interest , then the analysis should be carried into the
post-li quefaction stage . Doing so requires accounting for the change in
behavior from the fluid—saturated granular material to a viscous material
in an element of soil which has satisfied the liquefaction criterion .

The key to success for li quefaction analysis of the type proposed
by Ghaboussi aad Dikinen (1977) lies in the appropriate mathematical
modeling of the important features of the constitutive response of the
granular solid skeleton of the soil. Loose sands are most susceptible to
liquefaction under seismic loading conditions since they tend to compact
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under shear deformation. This reduction of the volume in loose sands
causes the pore pressure buildup and consequent reduction of the mean
intergranular pressure , leading to liquefaction . Appropriate representa-
tion of the properties of granular soils requires special attention in a
liquefaction analysis. Nonlinear material models are required to model
the plastic behavior of the soil. This pre-liquefaction is under inves-
tigation using a soil model developed by Ishihara , et al. (1975).

Ishiha ra et al. (1975) have presented a model for liquefaction
based upon studies of the cyclic deformation of sands. This model
permits assessing pore pressures , shear strains , and the occurrence of
liquefaction un undrained horizontal soil layers . This model , origi-
nally based on triaxial data , has been revised to fit torsion test
results and incorporated into a computer code by Ishihara et al. (1976).
The applied stress history for the in situ soil profile may be calculated
by some of the foregoing computer programs , such as SHAKE (Schnabel ,
Lysmer and Seed , 1972). This stress history is then applied to the soil
model to predict pore pressures and shear distortions .

Test data on undrained sands illustrate that for shearing loads
below a particular shear stress/effective stress ratio q/p ’ , reloading
always retraces the unloading path . Plastic yielding, associated with
the original application of shear stress , results in a buildup of residual
pore pressure (and thus reduction in effective stress). Thus , it is
possible to define for any particular soil density , a so-called virgin
state , defined by a relationship such as that of Figure 3-31 , in terms
of shear stress , q versus effective mean principal stress p ’ . A series
of such planes forms a vector surface in p ’ - q - e space (where e is
void ratio or a measure of density). This “state” surface specifies the
route or path in p ’ - q - e space along which stresses must be changed
in order for deformations to be plastic. Plastic yielding occurs only
when stresses are changed along paths lying on the state surface , and all
other paths away from it are associated merely with elastic deformations .
For undrained shearing of saturated sand , the stress paths can be defined
for a specific state by a single slice or plane perpendicular to the e
axis , such as Figure 3—32 (for a loose sand). This figure shows yield
lines , or “equi-y lines ,” which are curves in p ’ - q space at which
yielding occurs whenever stress paths cross them . For stress paths
within previously approached yield loci the deformations are assumed to
be elastic , and no change in effective stress occurs .

With increase in the q/p ’ ratio , shear strains are generated with
magnitudes equal to those values shown on the equi-y lines in Figure
3-32.
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Experimental results on saturated sands show that the shear in one
direction below some limiting stress ratio does not influence the virgin
state response for shearing in the opposite direction. However , beyond
a certain q/p ’ ratio , the pore pressure commences to increase drasticall y
during any unloading (and increases even more dramatically during loading
in the opposite direction). This defines a threshold stress value
which , if not exceeded , permits elastic response during unloading and
provides plastic work-hardening response during any load increase. The
angle defined by the threshold stress value is called the ang le-of-phase
transformation and is sli ghtly flatter than the failure envelope as
shown in Figure 3-32 . It is assumed that initial liquefaction occurs
where the stress ratio crosses this ang le—of-phase transformation . This
model is based on the following postulates.

Postulate 1

The tendency for volume change in saturated sand samples is expressed
in development of residual pore pressures. State surfaces such as
Figure 3-31 contain a series of concentric curves which represent the
changing stress state of any specimen undergoing undrained deformation.
Any loading path at stress ratios below the angle-of-phase transformation
follows the curved state line passing through its point of initiation.
Unloading (from stress values beneath the angle-of-phase transformation)
is considered elastic ; i.e., no change in effective stress with reduction
in shear stress.

Postulate 2

The undrained shear strain levels are defined by the equi-y lines.

Postulate 3

These equi-y lines may be approximated by straight lines passing
through the p ’ - q origin. (Changes in state caused by the very small
volume changes associated with change in effective pressure are neg lected.)

Postulate 4

The y ield conditions for loading in one direction are independent
of the stress history of loading in the opposite direction.
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Postulate S

Instability of the saturated sand occurs when q/p ’ reaches the
angle-of-phase transformation 0* (a state of initial liquefaction is
assumed). It is noted that this model does not provide a reliable means
of predicting response once the liquefaction state is reached.

In order to adapt the model for numerical computations , the stress
paths in p ’ - q space must be expressed in terms of a mathematical
function. These stress paths selected for virgin loading below the
angle-of-phase transformation may be represented by circles with centers
at p~ along the p-axis which intersect this axis at p~ , the initial
consolidation pressure . It is noted that the curvature for dense sands
is less than for loose sands (the radius is greater).

To attempt to model the sand behavior beyond initial liquefaction —

i.e., between initial and complete liquefaction (effective stresses are
reduced to zero) — it is assumed that the loading stress path in the

- q plane follows the angle-of-phase transformation 0*. Upon load
release , the developed pore pressure has been found to be proportiona l
to the ratio of the shear stress level prior to unloading 

~~ 
divided by

that at initial liquefaction q0, or

-4- = K - °-
p0 r q ~

where p ’ = the effective pressure following unloading

p ’ = the effective pressure at initial liquefaction

K = a new material constantr

This model , for undrained sand using only three parameters —

p ’ and Kr 
— may be used to determine pore-pressure buildup and shear

strain for any prescribed stress path.

SELECTION OF METHODS

Various methods for prediction of liquefaction have been reviewed .
Figure 3-4 may be used for preliminary analysis when data is limited .
For the simple geometry of essentially horizontal ground , the simple
hand computation procedure should be adequate. Figure 3-33 gives a
comparison of the Simple Hand Method , the Simple Computer Program , and
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SHAKE. For the profile used , the simple hand computation procedure
provides a conservative estimate of the factor of safety when compared
with the other procedures presently in use. This makes liquefaction
analysis for simple sites possible without the use of a computer.
Figures 3-11 , 3-12, and 3-24 can be used as a guide to give the strength
of the soil and the number of earthquake cycles. The t/a ratio used for
soil strength should be reduced by 10% to account for multidirectiona l
shaking and overconsolidation .
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Chapter 4

CONSEQUENCES OF LIQUEFACTION

The magnitude of the foundation problems associated with liquefaction
are directly related to the amount of ground movement or ground failure .
Ground failures may be of three basic types: flow landslides , landslides
with limited displacement , and bearing capacity failures . Liquefaction
of a layer at depth which does not undergo large displacements may
actually act as an isolator impeding the transmission of vibration
energy from underlying layers to structures at the surface . Seed and
Idriss (1967) show an earthquake record at Niigata , Japan , in which the
surface motion significantly changes from a predominantl y short-period
motion to a long-period motion after about 8 seconds of motion . Presum-
ably this indicates the time of the onset of liquefaction (Figure 4-1).

Niigata [a rt h iuake Accel erogram (S MAC-A Ty pe> at Rascment
of No. 2 Apartment Building. Ka~~agishi-cho , Niigata.

I sec
-

97 7 gal

4~) gal
95. 1 gal

- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~w ------ -~ --
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Figure 4—1. Record of ground accelerations during
Niig ata earth q uake ( f r om ‘ Land slidc~s Dur ing
Earth quak es due to Soil Liquefact ion ,” by
H. B. Seed In Journal of Snil Mechanics
and Found;itions Division , ASC E , vol.

95 , no. SMS , May 1968 , Figure 6).
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LIQUEFACTION FLOW LANDSLIDES

When the in situ relative density of the soil is low enough
(D

r 
< 45%), unlimited flow may occur. If the soil is unrestrained ,

sizable masses of earth materials may travel long distances. The princi-
pal restraint is only a function of the viscous restraining forces. The
flow velocity can be estimated by the following equation for a case
where liquefaction propagates to the surface .

2 2 -U = ~~~(b 
- S ) sin O

where U = horizontal flow velocity (ft/s)

N = viscosity (lb-s/ft2) (Chapter 2)

= total unit weight of soil

b = depth to bottom of liquefiable layer

S = depth to top of liquefiable layer

0 = angle of slope

For example , if the depth to the bottom of a liquefiable layer was
20 feet and it propagated to the surface wh~n the ground slope was
2 degrees , the viscosity was 55,000 lb-s/ft ; and the2total unit weightof the soil above the liquefiable layer was 120 lb/ft ; then ,

120 2 . oU = 2(55 ,000) 
(20 ) sin(2 )

= 0.0152 ft/s

= 0.18274 in./s

If the l iquefiable condition were to last for 7 minutes , the displacement
would be over 6 feet.

The above methodology and examp J - ~, although highly idealized , can
be used to give qualitative evaluations of the amount of flow displacement.
One of the problems here is that the viscosity data on real soils is
limited . The examp le shows that very sli ght slopes are capable of
causing large deformations ; conversely, horizontal deformation would not
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be expected on truly flat ground . Flow landslides have occurred under
seismic conditions and have been reported in the literature (Crandall ,
1908; Seed , 1968). Flow continues as long as pore pressures remain high
enough to maintain li quefaction. This is a function of the drainage
conditions of the site and porosity of the soil and will be discussed
later. The duration of li quefaction will also be discussed later.

LIQUEFACTION W ITH LIMITED DISPLACEMENTS

For relative densities greater than about 45%, the data tends to
indicate that limited flow rathe r than unlimited flow might be expected.
DeAlba , Chan , and Seed (1975) have conducted shake-table tests , Fi gures
4-2 and 4-3 , which suggest limiting horizontal shear strain as a func-
tion of relative density. The value of 45% relative density is shown as
the approximate division between limited and unlimited flow. Figure 4-3
could presumably be used to estimate shear strains within the soil layer
undergoing li quefaction for use in predicting the horizontal transient
displacement for level ground not experiencing flow (note that in Fi g-
ure 4-3 shear strain is expressed independent of ground motion level).
This fact and the paucity of data at this time make these results
preliminary and in need of further verification.

On sloping ground , increments of finite downslope movements could
cause d i l a t a n c y - i n d u c e d  s o l i d i f i c a t i o n .  Thus , f low could he i n t e r r u p t e d
by solidification stages which would l imit the displacement. There have
been numerous cases of limited disp lacements , also called lateral spread-
ing , reported (Richter , 1958; McCulloch and Bonilla , 1970; O l d h a m , 1899;
Youd , 1973a and b). Observed cases in these references noted movements
of several feet on ground slop ing from 0.5 to 2%. Youd (1975) deduces
several points of interest based on laboratory soil behavior. Episodes
of limited flow would be expected to be most prevalent where shear
stress reversals occur; thus , limited flow would be expected to occur as
long as strong ground shaking exists. The shear stress reversals associ-
ated with limited flow are mo re easily developed beneath mild slopes
where stitic stresses are small , rather than steep slopes. At the
conclusion of a series of limited flow cycles , the soil in the failure
zone may be denser or looser or at the same condition as it was b e f o r e
the disturbance , depending on whether pore water mi grated into or out of
the liquefied soil during shear.

BEARING CAPA CITY FAILURES

When liquefaction occurs in soils beneath structures , flow deforma-
tions may develop , allowing vertical motion to occur. Loss of foundation
support and buoyant rise of buried tanks are possible types of failures.
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Figure 4—2. Limiting shear strains (from H. B. Seed ,
P. P. Hartin , and J. Lysmer , 1975) .
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Several major failures of these types occurred during the 1964 Nii gata
earthquake , including the spectacular settling and tipping of several
high-rise apartment buildings .

DeAlba , Chan , and Seed (1975) conducted model footing tests on a
shake table; Figure 4-4 gives vertical velocity of settlement for a
model footing in liquefied sand .

Considering f l ow , for an equilibrium condition the drag force of
the footing must equa l the footing weight; therefore

V
2

C
D

A p
~~~ 

= pA

where CD footing drag coefficient

A footing plan area

p soil densi ty

V footing velocity

p footing contact pressure

Solving for V:

Thus , the footing settlement velocity is proportional to the square root
of the footing contact pressure . The data in Figure 4-4 was obtained
for footing pressures of 25 psi. Figure 4-4 may be used to crudely
estimate vertical settlement knowing the duration of liquefaction.
Caution must be used since the results are base’ - few very small
scale model tests of limited scope .

DURATION OF LIQUEFACTION , PROPAGATION TO SURFACE AND
BEARING CAPACITY

The duration and propagation of liquefaction in a subsurface layer
is controlled by the drainage path for the built-up pore pressure , the
coefficients of permeability , and the coefficient of consolidation ,
which dictates the volume change characteristics of the soil layers .
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Fi gure 4—4. Average rate of footing settlement (from H. B.
Seed , P.  P.  M a r t i n , and J.  Lysmer , 1975).
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Y o s h i m i  and Kuwabara  (1973) have i nves t i ga ted  pore p re s su re  d i s s i p a -
t i o n  u s i n g  a f i n i t e  e l e m e n t  a n a l y s i s , a s s u m i n g  o n e- d i m e n s i o n a l f l o w
( u s i n g  Darcy ’ s l a w )  and laye r I I  u n d e r g o i n g  l i q u e f a c t i o n .  They assumed
t h a t  t he  induced  s e i smic  shea r  s t ress  t e r m i n a t e s  at the  onset  of l i q u e f a c -
t i o n , t h a t  the s o i l  in l a y e r  I undergoes  rebound and r ecompres s ion  w i t h
a c o n s t a n t  c o e f f i c i e n t  of vo lume change , and t h a t  the  soi l  in laye r I l
undergoes  v i r g in compress ion  w i t h  a c o n s t a n t  c o e f f i c i e n t  of volume
change .

An example of the results of their analysis is shown in Fi gure 4-5
in w h i c h  the  pore p re s su re  b u i l d u p  in the top laye r is g iven  as a f u n c t i o n
of t i m e  fo r  the case w h e r e :  ( 1)  the  c o e f f i c i e n t  of p e r m e a b i l i t y  in bo th
layers  are  equa l  and (2)  the c o e f f i c i e n t  of vo lume change in the bo t tom
laye r  is 10 t imes  g r e a t e r  t h a n  in the top layer. As shown in Fi gure 4-5
the  pore p r e s s u r e  b u i l d s  up in the top layer  to a v a l u e  a lmos t  equa l  to
the e f f e c t i v e  v e r t i c a l  s t r e s s  at a t ime de t e rmined  as a f u n c t i o n  of the
t h i c k n e s s  of the l aye r  and the c o e f f i c i e n t  of c o n s o l i d a t i o n  (nond imens ion -
a l i z e d  t i m e  f a c t o r ) .  The e f f e c t  of d i f f e r e n t  t h i c k n e s s e s  of the  s o i l
l aye r s  on the peak pore p r e s s u r e  b u i l d u p  in the top l aye r  is shown in
Fi gure  4-6 f o r  two c o m p r e s s i b i l i t y  r a t i o s .  The e f f e c t  of the r e l a t i v e
t h i c k n e s s  of layer  I on the m a x i m u m  pore p r e s su re  depends on the compres-
sibili ty ratio (coefficients of volume change). Yoshimi and Kuwabara
(1973) have noted that the presence of a permeable layer beneath layer 11
has  a n e g l i g i b l e  e f f e c t  on the pore p re s su res  in l aye r  I .

I t  is p o s s i b l e  t h a t  an i n i t i a l  excess pore p r e s s u r e  in laye r I has
been genera ted  by the same se i smic  ac t ion  c a u s i n g  l i q u e f a c t i o n  in layer  11.
For t h i s  case , F igure  4-7 shows the  pore p r e s s u r e  w i t h  t i m e  fo r  v a r i o u s
va lues  of i n i t i a l  pore p ressu re . I t  can be seen t h a t  the i n i t i a l  pore
p r e s s u r e  in l aye r  I has l i t t l e  e f f e c t  on the peak pore p r e s s u r e  in  t h a t
l a y e r .

Fi gu re  4-8 shows the r e s u l t s  of v a r i a t i o n  of p e r m e a b i l i ty  and
c o m p r e s s i b i l i t y  on pore p r e s s u r e  in the top l a y e r .  A l so  shown is the
r a t i o  of shear  s t r e n g t h  at  any t i m e  S to i n i t i a l  shea r  s t r e n g t h  S~
d e f i n e d  as

— l  u
S 

— 
a ’

0 VO

Since the maximum pore p ressure  var ies  n e a r l y  l i n e a r l y  w i t h  depth
i n  l a y e r  1 , the  m i n i m u m  s t r e n g t h  r a t i o  S

m i n /S c o r r e s p o n d i n g  to the
maximum pore pressure may be considered a constant throughout layer I

S .  u I
mm — 1 max — 1 max

— I — — I — ____

o vo cr
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where i = maximum hydraul ic g radien tmax

~cr = c r it ical hydr aulic gradien t

Fi gure 4-9 shows the minimum strength in layer I for use in estimating
the liquefaction of that layer. The data are rep lo tted in Fi gure 4-10 to
show areas where complete liquefaction in layer I occurs . It should he
noted that the critical hydr aulic gradient corresponding to u /o = 1
in a f ie1d si tua t ion probab l y cannot be ma intained without ca~i~~~ng ”°
fis sures and local eruption of sand uid water. The presen ce of a founda-
tion w i ll af fec t the st a te of s tr ess and seep age condi t ions; however ,
the strength ratio S IS0 

may still give a crude indication of the
beari ng capacity. T~~ time to the m:i~limum strength as rioted in Figure 4-8
depends upon the coe f f i c ient of permeabil i ty , the compressibi l it y, and
the thickness of the soil. These rilay be in seconds or in minutes ,
depending on si te conditions. Observations during the Niigata earth quake
of 1964 noted most of the surface movement occurred minutes after the
earth quake strong motion ended. Note that densification causes a reduc-
t ion in k

1 
and m 1 of the top layer and a red uction of S/S , whi ch is

not favorable; ho~ ever , ~ ~sifica tion will cause an increase in the
ini tial shear strength S , which is beneficial . The net effect of
densifica tion of layer I may or may not be advantageous , depending on
the ini t ial soil proper ties and the degree of densification . Increasing
the permeabil i ty of the top layer markedly increases the s tabil i t y of
the soil. Thus , vibroflot at ion , sand drains , or using a coars e ba ckf i ll
should be mo re effec tive than densification methods in which density
alone is increased .

Seed , Mar tin , and Lysmer (1975) have more recently investi ga ted the
dis t ribution of hydros tat ic pore pressure in the soil by use of the
equa t ion

/ 2 \ au
= c i~~.j L l  +

v~~8 2 J  3t
\ Z /

where C coefficien t of consolidation of the soil
V

7 z depth within soil

au / a t  r a t e  of pore p re s su re  g e n e r a t i o n  caused by
g ea rthquake

T h i s  is the  d i f f u s i o n  e q u a t i o n  used in Terzag h i ’ s c l a s s i c a l  c o n s o l i d a t i o n
theory , with a pressure-generating term added . The solution of this
e q u a t i o n  i s  a c c o m p l i s h e d  b y the  f i n i t e - d i f f e r e n c e  t e c h n i q u e  u s i n g  incre-
m e n t a l  t i m e  s teps .  The pore p r e s s u r e  g e n e r a t i o n  is e s t i m a t e d  by F igu re
4-11 as a f u n c t i o n  of the  number  of cycles  to cause  l i q u e f a c t i o n .
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l i q u e f a c t i o n  level
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F i g u r e  4 — 9 .  i i i u m  pore  w a t e r  p r e s s u r e  or minimum strength
in  l ay e r  [ ( f r o m  Y .  Y o s ) i i m i  and F. Kuwaba ra , 1 9 7 3) .
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Figure 4—10. Minimum strength ratio in layer I (from
Y. Yoshimi and F. Kuwabara , 1973 ) .

120

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ . — .—
.
i-I=.- .~~

,- - .



1.0 - - - -—— --__1- - r~~~~~~

0.8 . = f;r Dr~~~~
6() 

(2r ~~
° - 1 )

.~ 0.6 
_‘

\_ .— -—
_ 

__,
~~ 

-

5 0 . 4

0.2 -

_o - — - - I - — - ________ _.L_
4 ) 0.2 0.4 0.6 0.11 1.0

( s c li~ Ratio , N/N
t

Fi gure 4—11. Rate of pore water pressure buildup in (-VCI iC
s i m p l e  shear  t e s t s  ( a f t e r  P. DeAlba , C. Chan ,

and H. B. Seed , 1975) .

The c o e f f i c i e n t  of c o n s o l i d a t i o n  C , which is defined in terms of
the  c o e f f i c i e n t  of vo lume  c o mp r e s s i b il i ~ y m and the c o e f f i c i e n t  of
p e r m e a b i l i t y  k , may be e s t i m a t e d  by means ~1 Figu re s  4-12 and .4-13 .

c = 
k

v m y
V w

The rise i i i  the  w a t e r  t a b l e  is g iven  by:

-k 
(
-

~~~~
-) At

All = _ _ _

where  n
e the effective porosity

This procedure has been automated in the form of the computer
progr~m APOLLO prepa red by Martin (1975) and may be used in conjunction
with the analysis using the computer program SHAKE described in Chapter 3.
SHAKE is used to produce the equivalent uniform cyclic stress (t  ) and
the equivalent number of uniform stress cycles (n

eq) for various
e@epths
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Figure 4—12. Theoretical relationships between compressibility
of sands and pore pre ssure buildup (fro~ H. B. Seed ,

P. P. Martin , and J. Lysmer , 1975).
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F igure 4—13. R e l ; t i onsh ips  be tween  g r a i n  s i z e  and
c o e f f i c i e n t  of pe r n e i h i l i l ’  for sands (from H. B.

Seed , P. P.  ‘-‘. i r t i n , and  .1. Lysmer , 1975).
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of soi l .  From s t r e n g t h  (lala the number  of cycles to cause l i q u e f a c t i o n
at each depth is determ i ned . U s i n g  this information program APOLLO
sol ves the pore p res su re  g e n e r a t i o n - d i s s i p a t i o n  equa t ion .

The pore p ressure  g e n e r a t i o n  f u n c t i o n  is based on undrained test
data . This  a p p l i c a t i o n  is deemed s u f f i c i e n t l y  accura te  when small  t ime
steps are  used to properl y acco unt  fo r  d r a i n a g e . The e las t ic  response
a nal y s is  u sed to dete rm i n e  the number of cy cles to l i quef ac t ion ca n be
made to con s i d e r  the i s o l a t i o n  e f f e c t s  of subsur face  l i que fac t i on  on
near  su r f ace  shak ing  and the r e d u c t i o n  in pore pressure generation when
i te r a t i o n  techniques  are used.

A typical  example  from Seed et a! .  (1975) from the Ni iga ta  ear thquake
of 1964 is shown in Figures  4- 14 and Figure  4-15. The computed v a r i a t i o n s
of po re wate r  pressure  w i t h  time are given.  Fi gure 4-15 shows the
b u i l d u p  of po re pressures .  I t  may be seen t hat  the sa nd l ayer at a
depth of 15 feet  l i q u e f i e s  a f t e r  about 2J seconds of shak ing ;  l i qu e f a c t i on
extends  to dept h s of 20 , 30 , and 40 feet a f t e r  about 23 , 32 , a nd 40 sec-
onds of shaking . Although the layers above 15 feet depth continue to
increase in pore pressure as the shaking progresses , the rate of increase
is ver y low a f t e r  the 15-foot level l i q u e f i e s .  I t  has been noted in
Seed , M a r t i n , and Lysmer (1975) that  when the pore pressure  r a t io  in the
top foot  of soil  reaches 60%, the ground w i l l  become sof t , and a man
w i l l s ink .  This occurs a f t e r  about 8.5 minutes  in the Ni iga ta  a n a l y s i s .
The pore pressure  r a t i o  at  the ground sur face  begins to decrease a f t e r
about  20 minutes  but would not support a man u n t i l  about 40 to 50 minutes
a f t e r  the earthqua ke . The resul t s  of the computer ana lys i s  are in
genera l agreement  w i t h  observed reports .

I f t he wa te r  tab le we re located at  a dept h of 15 f eet , no sign i f ica n t
pore p ress ur e in creas es wou ld oc cu r i n t he uppe r 10 feet  of soi l even
though the soi l  is l ique f i ed  between 15 and 40 fee t .  Thus , in this
situation the bea r in g ca p a ci t y of smal l  shal low foo t ings  near  the su r f ace
mi ght well be essentially unaffected by the dissipation of pore water
pressures in the liquefied zone .

Program APOLLO has been expanded into a two-dimensional computer
program called GADFLEA (Booker et al. , 1976). The approach is very
similar to the one-dimensiona l analysis requiring as input information
the number of cycles causing li quefaction by soil element. The number
of cycles causing liquefaction is a function of the applied shear stress
loading and soil confinement. These may be determined from a conventiona l
two-dimensiona l elastic or inelastic finite element analysis. Using t’ie
input data program GADFLEA computes the two-dimensional pore pressure
generation and dissipation from the earth quake .
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Fi gure 4—14. Soil profile and stress conditions used for analysis
( f r o m  H. B. Seed , P. P. Martin , and J. Lysrner , 1975).
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F i g u r e  4—15 ’. Computed deve lopment  and v a r i a t i o n  of pore water
p r e s s u r e s  fo r  soil p r o f i l e  shown in F i g u r e  7—8 ( f r o m

H. B. Seed , P. P. M a r t i n , and J .  Lysmer , 19 7 5 ) .
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Figure 4—15. Continued

125

_ _ _ _  _ _ _  - ~ ----~~-

----------- -

~

- - - -~~~~~~ 
—



P r o g r a m s  APOLLO and GADFLEA p rov ide  a s i g n i f i c a n t l y  improved p i c t u r e
.is to w h a t  is o c c u r r i n g  to the soil  and as such represen t s  very u s e f u l
t o o l s  to an eng i nee r .  Th e p rog r a ms requi re va l ues of t he c o e f f i c i e n t of
p e r m e a b i l i t y ,  c o e f f i c i e n t  of volume c o m p r e s s i b i l i t y ,  and p o r o s i t y .
These v a l u e s  may be ob t a ined  f o r  tes ts  but  a re  o f t e n  assumed based  on
soi l c h a r a c t e r i s t i c s .  The occur rence  of l i q u e f a c t i o n  on nea r su r f ace
r e g i o n s  above the w a t e r  t a b l e  was f o u n d  to be very  s e n s i t i v e  to the
location of the line of full s a t u r a t i o n .  U n f o r t u n a t e l y ,  in f i e l d  cond i-
t i o r i s  a c l e a n  d e m a r c a t i o n  is not a l w a y s  present. As with other one-
dimensio nil representations , the progr am APOLLO assumes infinite horizon-
tal layers . This may present a problem in areas where discontinuities
or slopes are present , since horizontal drainage is usuall y an order  of
m a g n i t u d e  g r e a t e r  t h a n  v e r t i c a l  d r ~t i n a g e . Program GADFLEA s h o u l d  be
used i n  c i s e s  r e q u i r i n g  a two-dimensiona l anal ys i s .

OBSERVATIONS OF LIQUEFACTION

Oldh am (1899) reports that during the Assam , India , ear th quak e of
12 J une 1897 , a large number  of j e t s  of wa ter ros e to hei gh t s of 2 to
4 f e e t  f r o m  f i s s u r e s  on the  p l a i n s , c a r r y i n g  sand w i t h  them . The e j e c t i o n
of ~ . i t e r  in t l  sand began d u r i n g  the  e a r t h q u a k e  and c o n t i n u e d  f o r  20 to
30 m i n u t e s  a f t e r  t h e  s h a k i n g  of g round  had  ceased .  In many  p l a c e s
d r . i i n a g e  c h a n n e l s  15 to  20 f e e t  deep had t h e i r  b o t t o m s  f o r c e d  up u n t i l
t h ey  f o l  dUll ’  leve l with the tops of their sides. Houses settled until
onl y t h e  r o o t s  r e m a i n e d  above g r o u n d .

Amb ras ‘ys and Sarm a (1969) repor t  t h a t  a f t e r  the  K anto  e a r t h qu~ike
of 11)23 in  j ap a n , numerous  f i s s u r e s  and mud v o l c a n o e s  spu r t ed  i n t e r m i t -
t e n t l y .  In  .i p i d d y f i e l d  n e a r  t h e  Sagami  R i v e r , seven v e r t i c a l  wooden
p Ies 20 f e e t  in  l e n g t h  s u d d e n l y  emerged , f i n a l l y  r each ing  a he i gh t  of
about 4.5 feet above ground  l e v e l .  These p i l e s , p r e v i o u s l y  u n k n o w n  to
the l o c a l  peop le he fo re  the  e a r t h q u a k e , we re the f o u n d a t i o n fo r  an o ld
br idge built in 1182 and abandoned over  600 years  e a r l i e r .  In  most
cases , little or rio damage was do n e to structures directly as a result
of ground shaking, bu t rather from foundation failures.

Tabl e 4-i from Seed and Idriss (197!) summarizes 35 cases where
available data was used in evaluation of li quefaction potential. One of

the earth quakes that was we ll-studied occurred at Nii gata , Japan in
1964.
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NIIGATA EARTHQUAKE OF 1964

Seed and Idriss (1967) describe the extensive damage from the
magn i tude 7.5 earthquake which occurred 35 miles north of the city of
N i i ga ta , Japan on 16 June 1964. The acceleration level at the city was
ab out 0.16. Observed damage may be d iv ided  in to  fou r  groups , as shown
in ‘fable 4-2.

Table 4-2. Niiga t.a Earthquake

Damage Maximum Angle of Average Range of
to Settlement Tilt Relative Relative

Found dtion (in.) (deg) Density (%) Density (%)

None 0-8 0-0.3 75 60-90

S l i ght  8-20 0 .3-i  67 50-85

i ntermediate 20-40 1—2.3 60 45 75

Heavy >40 >2.3 45 30-60

The determination of the relative density of the in  s i t u  sands  is
extremel y cr ude as extrapolated from the data presented by Seed and
Idriss (1971).

It was noted that p iles dr iven through loose zones into firm zones
experienced s ignificant horizontal displacement. When li qu e f ac tion
occurs around the upper portion of the pile the pile loses its lateral
res i s tance , producing movement. There were many cases of bending of
p i les supporting buildings in Nii gata .

Kishid a (1969) reports that the upper surface of the li quefied soil
l .iye r in the most severely damaged area was situated at a depth of less
than 25 feet below the ground surface and that soils as deep as 75 feet
were l i q u e f i e d .

NINO OWAR I EARTHQUAKE OF 1891

The lim o Owari earthquake of 28 October 1891 was a shock of 8.4
magni tude located 18.6 miles from the city of Gifu , Japan. Kishida
(1969) has studied the effects of this earth quake and gives profiles of
four locations (Figures 4-16 to 4-19) which show various degrees of
liq uefaction ranging from none to comp lete. Note that fine sands were
mos t v u l n e r a b l e .
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TOHNANKA I EAR ’I HQ UAKE OF 1944

Th e Toh n ana i ea r t h quake of 7 December 1944 was a magnitude 8.3
earth quake loca ted about 100 miles south-southwest of Nagoya City,
Japan . Kishi da (1969) studied the effects of this earthquake at three
loca tions (Figure 4-20 to 4-22). At the location noted in Figure 4-20 a
Buddhis t Temple which was supported on piles did not show any settlement
bu t the ground around the temp le subsided abo ut 1-1/3 feet , and water
erupted during the earthquake . The ti ps o f the p iles were at a depth of
abou t 5 meters below the surface (26.7 feet). Fi gur e 4-21 shows .i soil
profile where houses settled as much as 3.3 feet. Fine sand was expelled
from the ground . Fi gure 4-22 shows a soil profile wii ere differential
se tt l emen t occu rred as a res u l t of par t ia l  l i q u e f a c t ion .

FUKUI EARTHQUAKE OF 1948

The Fukui earthquake of 18 June 1948 was a magnitude 7.2 earth quake
wi th i t s  ep icen ter 3 miles east of Fukui City, Japan . Kishida (1969)
studied the e f f e c t s  of this  ear thquake  and gives four profi1es (Figures
4-23 to 4-26) where liquefaction was observed in vary i n g  degrees. It is
in teresting to note that although the distance ~ètween locations of the
soil profiles in Figure 4-23 and 4—24 was only about 1 ,800 het , one
underwent complete liquefaction with sand volcanoes noted on the surface
and the other onl y par t ial  l imi ted l i q u e f a c tion , the latter being -in
old er area approximately 3.3 feet higher in elevation with more silt.
Fi gure 4-25 shows a site where water and sand volcanoes were quite
prevalent and the main building of a temple settled 1 foot. The distance
between the locations shown in Figures 4-25 and 4-26 is about 1 ,800 feet
The site in Fi gure 4-26 did not show eruptions of sand and water m d
only  par tial  li quefaction . This site is again in older ground sli gh t ly
hi gher than that of Figure 4-25 .

NONLIQUEFACTION (PRE-LIQUEFACTION) SUBSIDENCE

Lee and Aihasia (1974), using cyclic triaxial tests , have investi-
gated the settlements from ‘,olum e change due to the dissipation of
inc reased pore pressures. The ir work is intended to represent general
ground subs id en ce which  m i ght be expected from soil compaction and water
dr ainage at stresses less than that required to induce comp lete li quetac-
tion . Figure 4-27 shows a series of triaxial test results , c o n s i d e r i n g
the effects of confining pressure , rela tive density , and grain size on
volumetric strain. Using Figure 4-11 or 4-28, the increase in pore
pressure at any cycle less than N

L 
may he estimated . This increase in

pore pressure can be used in conjunction with Figure 4-27 to estimate
the vo lumetric strain from the rise in pore pressure and resulting
d r a i n a g e .
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Figure 4—28. CompilatIon summary of pore pressure buildup data
(from ‘ Earthquake Induced Settlements in Saturated Sands ,”

by K. L. Lee and A. Albasia , in Journal of the
G e o t e c h n i ca l  Div i s ion , ASCE , vol .  100 ,

no. GT4, Apr 1974).

Fi gures 4-27a , b , a n d c a re l im ited to co nd i t i o n s i n whic h comp le te
l i que fac t i on  does not occur .  The vo lumet r i c  s t r a i n  and the thickness of
the la yer can be used to es t imate  the ver t i ca l  se t t l ement .  This is
intended for  leve l areas without concentrated footing loads which may
ca use shear  d i sp lacemen t s .  The vo lumet r i c  set t lements  from pore pressures
l owe r than those causing l iquefac t ion  are general ly  less than 1%. Lee
and A l b a s i a  (1974) have also investi gated cases when l i q u e f a c t i o n  occurs .
Th e i r  da ta , Fi gure 4 -27d , ind ica tes  t h a t  ve r t ica l set t lemen ts f r om d rai nage
e f f e c t s  may be as much as 3% of the height of the affected soil layer.
This  does not consider  the e f f e c t s  of soil bear ing f a i l u r e s  hut  only the
“reg ional” subsidence.

EFFECT OF FOUNDATION ON LIQUEFACTION

Yoshimi  and Oh-Oka (1974 ) pe r formed a two-dimensional  e las t ic
a n a l y s i s  of a foundation under dynamic load. They conclude that the
presence of the structure causes the dynamic shear stress ratio to
increase at shallow depths outside the foundation. It was suggested
that the reg ion on a diagonal away from the edge of a footing would
undergo l i q u e f a c t i o n be fo re  the f r ee  f i e l d  (a rea  away from e f f e c t s  of
the structure).
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So si gnificant is this hypothesis , if true , that this problem will
be discussed her~’. It appears the gravity static stresses were not
considered in the ana lysis of Yoshimi and Oh-Oka (1974). Furthermore ,
the choice of shear stress and confining stress were horizontal shear
stress and vertical norma l stress , rather than those of a principal
stress orientation. The horizontal and vertical axis in the presence of
initial static stress is an arbitrary choice.

In Chapter 2 a methodology was presented for computing an equivalent
dynamic stress which would consider the effects of initial static shear
stress from a foundation. In this analysis principal planes are used.
This methodology was used in the following study .

To study the foundation problem , an elastic finite element anal ysis
was performed . The soil was modeled by plane strain two-dimensional
quadrilatera l elements. The footing was also modeled using the same
type of element with different material properties. To attempt to model
the loading correctly, a typical column extended vertically above the
footing. The top of the column was restrained by horizontal one-
dimensional elements (springs) whose stiffness and mass were typical of
the lateral restraint and mass provided by a floor slab. Figure 4-29
shows the finite element mesh.

The linea r elastic analysis was performed in segments and the
results combined. The static gravity analysis was combined with the
results of a dynamic ground-motion analysis. In the dynamic analysis ,
the equivalent stress level was determined in terms of the principal
stresses for each element.

Figure 4-30 shows the vertical static effective stress. Figure
4-31 shows the effective static octahedra l norma l stress and Figure 4-32
gives a static K (the ratio of minor to major principal stress). Figure
4-33 shows the static shear stress on the former principal plane , and
Fi gure 4-34 shows the dynamic shear stress level. Figure 4-35 shows the
dynamic shear stress computed by the methodology discussed in Chapter 2;
i.e., the shear stress determined on the principal plane orientation
before application of the dynamic load. Thus , this stress rotation
eliminates the complexities of considering initial shear stress level
and , hence , nonsymmetric stress reversals. Figure 4-36 shows a plot of
equivalent shear stress ratio and Figure 4-37 gives the relative number
of cycles to cause liquefaction using the modified approach . The specific
numbers are not as important as the general shape of the contour lines ,
since the specific numbers represent the selection of earthquake record
amplitude and frequency and the choice of soil material properties. The
shape of the general contours appear independent of earthquake loading
or soil parameters.

137



C

— 4. - - —
C

‘0-4
a

‘0
—a
--4 0
‘44~ Cl)

C —4 0
0
e

U.. 41,
2 0 2 .

.2 .~~ a—. 2  7 .~~ C

_ _ _  
—

I a
a ~1.J

C
‘H

-N —4 03
CO

‘4-I

0 ~ ‘.C-’)

—4 —Ii-

a
0

-N Oil)

_ _ _  _ _ _ _ _ _ _ _ _ _- ____

~- - - -  ij oc~~~~~

138



— — — 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~

139

U . .  . ———— — .—~~~~~- —





4.

L
r

141



-J

it 

~~~~~~~

o ~~

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I H

142



The signifi cant conclusion is that , based upon a more realistic
assessment  i t  the  a c t u a l  s t r e s s  c o n d i t i o n s , i t  appea r s  t h a t  the  area
heii eath a foundation is less sensit ive t o  l i q u e f a c t i o n  tha t the  f r e e-
f i e l d  , I r e , I  ( t h e  o p p o s i t e  of what Yoshimi and Oh-Oka , 1974 , c o n c l u d e d ) .
Thus , l i q u e f a c t i o n  ina lysis techniques which are based on free-field
conditions ,ir~’ c o n s e r v a t i v e  when app l i ed  to a reas  beneat h f o o t i ngs.  The
present state- of-the—art of direct computation of pore pressure is very
l i m i t e d . The present  t w o - d i m e n s i o n a l s t r e s s- a n al y s i s , f i n i t e- e l e ment
programs onl y a t t empt  t o  answer the problem of pore pressure distribution
indi r l - i t l y in terms of the sh e a r — st r e s s / c o n f i n i n g — s t r o s s  ratio .

REDUCTION IN FOUNDATION CAPABILITY DUE TO LIQUEFACTION

There  is e s s e n t i a l l y  no quantitative experimental data available
for evaluating reductions in foundation load-carrying capability due to
[1 -i rt i - I l li quefaction of subfoundation soils. I t  has been t a c i t l y assumed
in most instances that foundation load support is not critical up until
the  p o i n t  a t  w h i c h  i n i t i a l  l i q u e f a c t i o n  has occur red  in the f r e e- f i e l d
regions . L i m i t e d  test  d a t a  on s m a l l  sca le  model f o o t i n g s  by DeAlba ,
Chan , and Seed (1975) has tended to suppor t  t h i s  a s sumpt ion , a t  leas t
f o r  hamog eneous sands  unde r undrained conditions . The analysis of
l i que f a c t i o n  beneath  load discontinuities , discussed earlier further
suggests the noncritical nature of the subfoundation material response
(again for homogeneous soils).

I t  is g e n e r a l l y  agreed t h a t  s t r u c t u r e s  on homogeneous  depos i t s  of
sand f~i i l  because of excessive settlement rather than by bearing capacity
failure. However , in many cases typical soil p rofiles contain layers of
different material , si gnificant parts of which may exhibit cohesive
behav io r .  Bear ing  capac i ty  f a i l u r e s  are common modes of f a i l u r e  in
cohesive soils. It is also conceivabl e that situations could be encoun-
t e re l l  in the f i e l d  where  s t r o n g ly s t r a t i f i e d  soi l  profiles have horizontal
permeabilities many times greater than those in the vertical direction
(see  Terzagh i and  Peck , 1967 , page 334) .  Unde r  such cases  it is possible
that rapid horizontal equalization of excess pore water pressure mi ght
permit settlement or even failure of the foundation following the cessa-
tion of earthquake motion under somewhat quasi-static conditions .

Unde r such cond i t i o n s , it mi ght be desirable to consider a redu~ cil-
f o u n d a t i o n  capability in order to avoid either foundation failure (out-
ri ght collapse or shear failure) or unacceptable settlement.

For g r a n u l ~i r so i l s , the s t a t i c — l o a d  f a c t o r  of s a f e t y  a g a i n s t  c o l l a p s e
is generally well over 3 , and a l lowable  bear ing  c a p a c i t y  is genera l ly
governed by permissible settlement of the supported structure . In some
cases o f  e a r t h q u a k e - i nduced loading, a hi gh degree of foundation damage
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due to settlement might be considered tolerable prov ided total collapse
of the structure did not occur. In these cases ult imat l- bearing capacity
mig ht become a limiting design factor.

The ultimate bearing capacity of a foundation resting upon soil may
be approximated by relationships such as the following proposed by
Terzaghi and Peck (1967), for continuous footings :

q = c N
~ 

+ Y’D1Nq 
+ Y ’BN ~ ( 1)

where  q = bea r ing  c a p a c i t y  of a f o o t i n g  per u n i t
of foo t ing a rea

c = cohesion of th e soil

l)
f 

= depth of embedment of the footing below
the ground s u r f a c e

B one-half the minimum footing dimens ion
= effective weight of the soil (i.e.,

buoyant weight below the water table)

N ,N ,N = bearing capacity factors , defined as a
1 Y f u n c t ion of the f r i c t iona l  resis tance of

the soil (see Terzaghi and Peck , 1967)

Since the type of liquefaction of interest herein is limited to
cohes i onless soi ls , the fac tor N may be neglected and the bearing
capacity expressed in the form c

q Y’Df
N
q 

+ y’BN
1 

(2)

The factor N is intended to account for the strength contribution due
to the conf i~ emen t o f f e r ed by the surcharge , or the soil above the
founda t ion base leve l Y ’D f . The factor N Iccolin ts for the frictional
resistance of the soil beneath the base o~ the f o o t i n g  represen ted by
the term y ’B. A reduction in either N or y ’B caused by generation of
excess pore water pressure would then ~ause a r e d u c t i o n  in  u l t i m a t e
bearing capaci ty. Thus , the allowable lo o t following generation of ~i

pore wa ter press u re in cremen t u m i gh t be approximated by:

q = (Y ’D
f 

- AU)N
q 

+ (y ’B - i~u)N~ (3)
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where the unit load r e d u c t i o n  is A u ( N ~1 + N ~) . The iiic r i- ~isi. in ~~~~
) r c s s u r l  may be est iniated by use of the  program GADFLEA c lt c d  eor  I i c r  in
this chapter. To maintain the same factor of safety as under nonearth-
quake loading , the allowable bearing capacity must be reduced by mul t i p ly-
ing it by the fa ctor :

(Y ’D
f 

- ~u )N + (y ’B -

R (4
y’DN + tI’BNf q y

Defining ~u in terms of the ratio of excess pore pressure generated ,
to initial effective stress , au/a ’ , Equa tion 4 may be written as:

R — 
Y ’l)f (I 

_
~~~~ N

q) 
+ y’B (i 

_ -
~~--) N~

— 

y ’DN + y ’BNf q  y

where the critical reg ion for  ~u/o’ could be taken as that beneath the
foundation base within a depth of one and one-half times the foundation
width. Equation S may be fur ther simplified by the assumpt ions :

( 1) Wa te r  t a b l e  a t  the sur face (i.e , y ’ =

(2) N Nq y
(3) h ~u/y (where 

~~ 
i s  the -~ eigh t of water)

Hence , the reduction factor may be roughly estimated as:

(D
f 

- h)  + (B - h)
R = 

~~~~~~~~~~ B 
(6)

The ultimate bearing capacity of a pile group in cohesionless soils
may be e s t i m a t e d  in te rm s of that of a pier of similar dimensions .
Thus , the  bea r ing capac i t y is the same as for a footing plus the contri-
bution of skin friction along the sides of the equ i v a l e n t p ier (of
depth D). The D-term contributes to ultimate load capacity as a dimin-
ishing multip le of D for values of D greater than five times the founda-
tion width , 15 x (2B)l. For D values beyond 15 x (2B), this contribution
becomes essentiall y constant.. Thus , an increase in unit bearing capacity
due to this latter term may be estimated as:
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2 ,D y
2A P tan 1~J (7 )

where D = pile group l ength
= soil effective weig ht

P = per ime ter of the p i l e  gro up

A = p la r. a rea of p ile group

= f r ict ion ang le be tween the p i l e  group and the
sur r o u n d i n g  soil

Under this situation the load reduction factor would be roughly equal to

(y ’D - Au)N + (y ’B - 
~u)N + -

~~
- (y ’D - 

~u)-~- (tan i’,)

R = - 
q 

~~ L. ______— — (8)
DN + BN + D2 tan r4i

q ‘I’

or in terms of the ratio ~u/o’ and assuming P/A = 8B/4B = 2;

D (1 - 
~~-

‘
~N 

+ B (J. _ -
~~-)N +

R = ° I . __  \ ° “ __________ (9)
DN + BN + D L tan rji

q y

Settlements of foundations on granular materials are commonly assumed to
be roughl y proportional to the applied loading . Thus , a prescribed
reduction in allowable load capacity due to partial liquefaction could
serve to maintain settlement levels within acceptable limits.

To provide a sl ightl y more detailed treatment of the effect of
partial liquefaction on allowable settlements , it w i l l  be in t er e s t ing  to
consider work by Sch imming (1962) dealing with the settlement of footings
on cohesionless soils . With the use of dimensional analysis combined
wi th model test data , a re la t ionship has been developed between q/yB and
ô/B for c ircular footings resting upon the surface of a cohesionless
soil. This rela tionshi p when plotted in the hyperbolic form outlined by
Kondner (1962) provides the relationship,

aB
61 

= _
~~

-
~
--- —

~~
--—- (10)
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where q = uni t load ing

B = footing radius

y e f f e c t i v e  weight  of the soi l
6 = settlement

a = cons tan t

b = constant

Under an increase in dynamic pore pressure ~ u , the  revised s e t t l e m e n t  6
2may be es t ima ted in terms of:

q2~~~ q2
aB

6
2 

= 
(yB - ~u) 

~~2 
= 

yB (l - -

~~~~~
‘) - bq

2 

( 11)

Assuming it is necessary to permit no increase in settlement under
par tial li quefaction (6

2
) over that permitted for the norma l case of no

earthquake loading , then ,

_ _ _ _ _ _ _  

q2
aB

6
2 

— 6
1 

or 
yB - bq~ 

= 

yB (1 - - bq
2 

(12)

Therefore ,

I Au \
q
2 

= q 1 ~
l — -

~~~

—

,~ 

(13)

or the reduction in allowable load to provide no increase in settlement
unde r partial li quefac tion is seen to be merely:

q2R = — =  1 - -— ,-— (14)q U

( i . e .,  p r o p o r t i o n a l  to the  r e d u c t i o n  in initial effective confining
st ress ) .
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DISCUSSION

A des igne r  shou ld  have an estimate of the magnitude of ground
d i s p l a c e m e n t  t h a t  mi ght  be expected i f  l i q u e f a c t i o n  were to occur;
however , the information available to date is extremel y limited. The
methods  fo r  e s t i m a t i n g  d isp lacements  given in this chapter are crude and
approximate . Further work in this area may show their need for modifica-
t i o n ;  they are presen ted here as a first guess to alert the designer to
a potential hazard . CEL is presentl y investi gating this problem by
several  approaches , one of w h i c h  is the two-phase finite element program
described in Chapter 3. Hopefu l ly ,  the results of this work can yield
better estimates of ground displacement.
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Chapter 5

RECOMMENDAT I ONS FOR CONSIDERATION BY PLANNERS
AND DESIGN ENGINEERS

RISK ASSESSMENT

A dictionary definition of the term “calculated risk” states: “A
ha za r d or cha n ce o f f a i l u r e whose d egree of p r o b a b i l i t y has been estimated
b e f o r e  some u n d e r t a k i n g  is en te red  upon . ” C a s a g r a n d e  (1965) ,  i n  a s t u d y
of the ro le  of r i s k  in soi l  mechan ics , s ta tes  t ha t  the  c a l c u l a t e d  r i s k
is the type of risk tha t  nobody knows how to calculate , bringing out the
ambiguity of the adjective “calculated. ” He defines the term calculated
risk as: the use of imperfect knowled ge guided by jud gment and experience
to estimate the probable ranges for all pertinent quantities that enter
into the solution of a problem and to base a decision on an appropri ate
marg in of safety.

The marg in of safety that we use should bear a direct relationshi p
to the magnitude of the potential losses and the range of uncertainties
at a site. Projects with the potential for catastrop hic loss of lives
and property should always be p lanned with an awareness of the responsi-
bility involved. Therefore , the best knowled ge and jud gment , coup led
with the most sophisticated techniques , must he used to ensure the best
design . Detailed site investigations should be undertaken to provide
all the required information for an analysis. This , along with conserva-
tive factors of safety , minimizes the risk. However , when failure of
smaller projects involves a tolerable financial loss and no loss o1
life , the extent or degree of risk must take into consideration economic
factors and magnitude of losses that would result from failures. The
effort spent in the design is obviously reduced . It is in these routine
projects where the calculated risk is greatest. Obviously, the extent
of site definition is more limited for smaller projects. It is in these
areas that this report attempts to provide most guidance .

Casagrande (1965) divides risk into two groups: engineering risk
and human risk. He further divides eng ineering risk into two groups ,
unknown risks and calculated risks . Unknown risks are , by definition ,
those risks which cannot be identified until they reveal themselves by
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f a i l u r e . C a l c u l a t e d  r i s k s  a re  a reas  where  the s t a t e  of k n o w l e d ge is
l i m i t e d , r e q u i r i n g  j u d g m e n t .  S i g n i f i c a n t  progress  has  been made i n  our
understanding of the s e i smic  l i q u e f a c t i o n  p henomenon .  However , u n c e r t a i n -
ties exist in the determination of site motion , the determination of
s i t e  s o i l  p r o f i l e  and  p a r a m e t e r s , and the e v a l u a t i o n  of t h e  s o i l  s t r e n g t h .
T a b l e  5-1 s u m m a r i z e s  the  desi gn p h i l o s o p hy sugges ted .

Table 5-1. Ph i lo sop h y of E a r t h q u a k e - R e s i s t a n t  Design

S t r u c t u r a l  C r i t e r i a  L i q u e f a c t i o n  B e h a v i o r

1. P r e v e n t  n o n s t r u c t u r a l  1.  No l i q u e f a c t i o n .  Fac to r  of
da mage in  m i n o r  e a r t h q u a k e  s a f e t y  > 1 . 3 .
grou nd shak ings  which  may
f r e q u e n t l y  occur in the
se rv ice  l i f e  of the s t r u c t u r e .

2. Prevent  s t r u c t u r a l  damage 2. No l i q u e f a c t i o n .  Factor  of
and m i n i m i z e  n o n s t r u c t u ra l  s a f e t y  > 1 . 1 .
damage  in m o d e r a t e  ear th-
q u a k e  ground s h a k i n g  w h i c h
ma y occur o c c a s i o n a l l y .

3. Avoid col lapse or se r ious  3. L i q u e f a c t i o n  l i m i t e d  to
damage in  severe e a r t h-  c on f i n e d  s u b s u r f a c e  laye r
quake  g round  s h a k i n g s  w h i c h  w h i c h  does not p ropaga te
may ra re l y occu r ,  to s u r f a c e  to cause bear-

ing failure . Horizontal

I 
f l o w  p o t e n t i a l  l i m i t e d  to
acceptable  leve l .

SITE INVE STIGATION

F e rr i t t o  (1978) presents  a method f o r  e v a l u a t i n g  a p o t e n t i a l  s i t e
to determine the design e a r t h quake  g r o un d  m o t i o n .  D e t a i l e d  s u r f a c e  and
subsurface geolog ical information , when available , can aid in evaluation
of a site by giving evidence of fault offset , ~- i rthquakes associated
w i t h f a u l t s , d e t e r m i n a t i o n of age of most recent  movement on f a u l t s ,
determination of relationshi ps between site area faults and reg iona l
faults , and the identification and description of the faults capable of
producing an earth quake . Use should be made of all available geolog ic
maps and data. The time period for active faults should include the
H oloce ne per iod and pe rhaps  as much as severa l  hundred  thousand  years in
areas of low seismicity to ensure recognition of all potentially active
faults.
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The d e t a i l e d  s i t e  i n v e s t i g a t i o n must , as a m i n i m u m , provide informa-
tion on the type and in situ condition of the soil with depth and the
l o c a t i o n  of the water table so that a soil profile may be constructed.
The ex ten t  of the i n v e s t i g a t i o n  is c o n t r o l l e d  by the impor tance  of the
s t r u c t u r e .  For conven t iona l s t r u c t u r e s  of norma l impor t ance  where
l arge-scale soil—test programs are not possible , it is suggested that at
least  s t a n d a r d  p e n e t r a t i o n tes ts  he used i n conj u n c t i o n  w i t h  the  recovery
and c l a s s i f i c a t i o n  of b o r i n g s .

Since the amou nt of money tha t  migh t  be spent on a s i te  inves t i ga t i o n
may he l i m i t e d  fo r  a s imp le st r u c t u re , the  emphas i s  sh ou l d be p laced on
f i e ld tes ts  r a t h e r  t han  l a b o r a t o r y  t es t s .  Also to be considered is t h a t
a l t h o u g h the  s t r u c t u r e  by i t s e l f  mi ght  not be c o s t l y ,  i t  may represent  a
link in a network which would become useless if it should fail.

SITE MOTION

The grou n d mo t io n shoul d be de t e rmined  based on a des ig n l eve l
e a r t h quake as described by F e r r i t t o  (1978 ) .  A design magn i tude  should
he se lec ted  in r e l a t i o n  to a p r o b a b i l i t y  of occur rence  d u r i ng  the l i f e
ot the structure. In most  cases , h i s t o r i c a l  da ta  is l i m i t e d  and addi-
tional data from the fault slip rates (see Ferritto , 1978) may be needed
to provide guidance in selecting design level earthquakes. The design
l eve l  e a r t h q u a k e  should  be checked with desi gn earthquake levels assi gned
to s p e c i f i c  f a u l t s  t h a t  have occurred in the past  and were thought
p o s s i b l e  fo r the f u t u r e . The present  state-of-the-art of liquefaction
analysis is limited to ground-motion analysis represented by shear
waves .

CONSTRUCT I ON IN AREAS OF POTENTIAL LANDSPREADING

Regiona l  land movement - l andsp r ead ing  - may occur d u r i n g  ear th qua kes
as a r e s u l t  of increased pore pressures and reduced soil strength.
S t r u c t u r e s  wh ich  cannot undergo d i f f e r e n t i a l  se t t lements  of h igh magni-
t i ides should  not be bui lt where  l andspread ing  is expected , such as on
topograp h i c a l ly low areas  where the wa te r  tab le is hi gh .  The process of
site selection should give preference to areas where soils are at highe r
relative densities and unconsolidated sediments are thinnest. Landspread-
ing may he reduced by elimination of surface depressions . The practice
of s ide  bor rowing  to b u i l d  embankm ents  increases  l a t e r a l  sp read ing  and
shi rid fe avoided . Narrow fills , even on well-compacted areas , can
s e t t l e  as a r e s u l t  of ground cracks . Outwa rd f low of soils  on the
embankmen t ca n be expec ted if  the under l y ing  na t ive  soils  undergo l imi ted
flow from liquefaction . Then settlements of embankments will occur:
the  w i d e r  t he f i l l , t h e l ess cha n ce of damage .
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In  s i t e  se lec t ion  the toes of alluvial fans and deltas should be
avoided . Sites should be limited to older , hi gher , be tter d ra ined  upper
segments  of f a n s  and d e l t a s , which are probably mo re stable.

PRELIMINAR Y EVALUATION OF LIQUEFACTION POTENTIAL

A prel iminary analysis should be made to determine if a liquefacti on
p r o b l e m ex i s t s  and to what extent  a s i t e  i n v e s t i g a t i o n  shou ld  be p lann ed.
F i g u r e  5-1 o u t l i n e s  the dec i s ion  process , and the  f o l l o w i n g  i n f o r m a t i o n
is required : (1) design earthquakes and (2) a preliminary soil profile
and an e s t i m a t e  of i n  s i t u  so i l  c o n d i t i o n s .

The s i t e  p r o f i l e  ma y be es t imated f rom s tandard  pene tra t ion tes t
resul ts. The simplified hand-computation procedures described in Chap-
ter 3 should be used to define the liquefiable region. For typical
so i l s  the soil  s t r eng th  may be estimated from Ferritto and Forrest
(1978). The ex tent of the investigation is controlled by the magnitude
of the project; a s t ruc tu r e  might  not justify a large exploration and
testing program unless it is of key importance. Generall y ,  a moderate
p rogram of standard penetration field tests and cyclic triaxial laboratory
tests may cost $10 ,000 to $15 ,000 (in 1978 dollars) by the time the
samp les a r e  col lected and da ta  reduced , eva lua ted , and presented  in  a
u s a b l e  f o r m , pr ovided the s i t e  is eas i ly  access ible  to a loca l  so i l s
labora tory .

DETAILED ANALYSIS OF VULNERABILITY TO LIQUEFACTION

The methods for predicting the occurrence of li quefaction have been
desc r ibed in  Chap te r  3. By use of e i t h e r  the  s i m p l i f i e d  hand c o m p u t a t i o n
or the more complex computer one-dimensional or two-dimensional method ,
the number of cycles to cause liquefaction at various depths is determined .
The soi l  i n f o r m a t i o n  required  to accompl i sh  t h i s  inc ludes  a d e t a i l e d
soil profile of the site with estimates of layer density , shear modulus ,
and strength . Having established a pore pressure generation parameter
in  terms of the number of cycles to l iquef y (N L ) ,  t he pore p ressure
gen e r a t i o n/ d i s s i p a t i o n equa t ion  (see Chapter 4) may be solved by the
computer programs APOLLO or GADFLEA r e s u l t i n g  in a time history of the
bearing capacity of the soil , or approximated by Figures 4-9 and 4-10.
Est imates  of soi l  compres s ib i l i t y  and pe rmeabi l i ty  a re  requ i red . The
adequac y of support  in bea r ing  may now be es t imated . Using conso l ida t ion
an al y s i s  and viscous f low , support motions may be estimated. These
suppor t  mo t i ons  may be eva lu ated by a s t a t i c  st r uctu ral d i sp lace men t
a n a l y s i s . The s t r u c t u r e  should have the design dead weight  and l ive
load ac t ing  on i t  in conj unct ion w i t h  the d i s p l a c e m e n t s .  A s t a t i c
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disp lacement  ana l ysis is sa tisfactory since the occurrenc e of l i quefac-
t i o n  i so l a t e s  the s t r u c t u r e  f rom g r o u n d  mo t ion  and  the  suppor t  d i s p l a c e -
m e n t s  a re  delayed u n t i l  the l i q u e f a c t i o n  has t i m e  to p r o p a g a t e  to t h e
s u r f a c e .

MINIMIZATION OF DAMAGE

Three basic ingredients are available to reduce the possible damage
from l iquefaction : (1) site selection , (2) site improvement , and (3)
structure desi gn.

Site Selection

As rioted in  the A l a s k a n  e a r t h q u a k e , located on bedrock s u f f e r e d
l ea s t  w h i l e  those on deep f i n e - g r a i n e d  soils s u f f e r e d  mos t .  The geolog ic
and engineering characteristics of a site should be thoroughly investi-
gated and evaluated. In some cases , geologic and hydrolog ic factors may
d i c t a te a selec tion tha t may in it i a l l y be more expensive than an alternate
one cm l i q u e f i a b l e  so i l s .  Howeve r , i f  r e p a i r  costs a f t e r  an e a r t h quake
are cons idered , the overa l l  cost ma y be less fo r the more expensive
site. Whenever possible , sites should be selected that avoid areas
where t h i c k , unconso l ida ted , young , wa te r - l a id , noncohesive  sedi m en ts
occur .  L i q u e f a c t i o n  requi res  a h igh wate r  t ab le ;  the p r o b a b i l i t y  of
occur rence  can be reduced be se lec t ing  an area  w i t h  a w a t e r  t ab le  be l ow
10 or 20 f ee t , i f  pos s ib l e .  Areas where the ground is slop ing o f f e r  the
poss ib i l i t y  of ho r i zon t a l  f low if liquefaction occurs . As noted in
C h ap t e r  4 , slopes of on ly  a few degrees are capable  of c r ea t i ng  f lows of
severa l f e e t .  S i tes  w i t h  s lop ing  ground  and topograp h i c a l l y low a r eas
shou ld be avoided as much as poss ib le .

Sp e c i f i c a l l y ,  the propaga t ion  of l i q u e f a c t i o n  mus t  he e v a l u a t e d .
If  the reg ion i n  w h i c h  l i que fac t io n occurs propagates  to the su r face
f rom an e a r t h quake , l a r g e  mot ions  can be expected and the s i te  should
not he co ns ide red  as s a t i s f a c t o r y . I f  the region in which l i q u e f a c t i o n
occurs is l imi t ed  and conf ined  to subsu r f ace  layers  which do not a f f e c t
t he h e a r i n g  of the founda t ion , t he s i t e  may be co nsidered acceptable  if
regional subsidence is not large .

S i t e s  w h ere ca lcu la t i o ns f o r  hor i zon ta l  an d ve r t ica l movement must
be made us ing  v i scos i ty  ca l cu la t ions  are probably  not we l l - su i t ed  for
s t r u c t u r e s  si nce large d e f o r m a t i o n s  would be expected.

As shown in Chapter 4, soils with relative densities less than 45%
can undergo u n l i m i t e d  f low and should be avoided . Soi ls  w i t h  r e l a t i v e
densities of 80% or greater will probably have limited displacements if
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l i q u e f a c t i o n  o c c u r s .  S t r u c t u r e s  w h i c h  a re  s i t ed  on these soils must be
des ig ned to w i t h s t a n d  the d i s p lace ments  expected . S o i l s  w i t h  r e l a t i v e
de n s i t i e s  between 45% and 80% may or may not he suitable sites ; therefore ,
an extensive analysis should be p e r f o r m e d  to e s t i m a t e  the p o t e n t i a l  soi l
strain which mi ght occur.

Site Improvement

It has been noted p rev ious l y t ha t  a hi gh groundwa t er table contrib-
utes marked l y to liquefaction potential . Lowering the water table has a
twofold effect: first , i t lowers the reg ion in which  l i que fac t ion can
be i n i t i a t e d ; second , it i ncreases the effective confining stress on the
p o t e n t i a l l y l i q u e f i a b le soil  zone. From a p r a c t i c a l  p o i n t  of v i e w , it
may not be economical to perman en t ly lowe r the water table at a site.

Next  to l o w e r i n g  the g r o u n d w a t e r  t ab l e , the most i m p o r t a n t  me thod
of reducing the liquefac tion potential Is by increasing the relative
dens i t y  of the so i l .  D e n s i f i c a t i o n  increases  the i n i t i a l  shear strength
of the s o i l ;  however , as pointed out  in C h a p t e r  4 , de n s i f i c a t i o n  may
cause a r e d u c t i o n  in  p e r m e a b i l i t y  of the top l aye r  of soil  r e su 1t i n g  in
an u n f a v o r a b l e  c o n d i t i o n .  I n c r e a s i n g  the p e r m e a b i l i t y  of the n e a r
s u r f a c e  soi l  improves i t .  V i b r o f l o t a t i o n  or sand compac tion p iles both
densi f ies the soi l a n d improves drainage when porous material is used.
Thus , these  methods should be more effective than other densification
methods  in w h i c h  d e n s i t y  a lone  is i n c r e a s e d .  I nc r ea sed  c o n f i n e m e n t
t h r o u g h use of highl y po rous su rcha rges  such as coarse  b a c k f i l l  a re  a l so
extremel y effective in reducing liquefaction potential.

Structure Design

Both s t r u c t u r a l l y i n d e t e r m i n a n t  and de te r m i n an t s t ruc tures ca n he
desi gned to w i t h s t a n d  s t r e s ses  a nd d i s p laceme nts w i thou t  f a i l u r e .
However , the more indeterminant a structure is , the more the stresses in
t h e  st r u c t u r e  a r e  i n f l u e n c e d  by support disp lacement .  A t y p i c a l l y
designed indeterminant structure is l i m i t e d  to si g n i f i c a n t l y  less dis-
placement than a corresponding iletermina nt structure . However , loss of
the support capacity of a column bent for either structure will probabl y
result in damage of the structure. In general , structures should he
des igned to be a r t i c u lated to m a i n t a i n  s t a t i c  d e t e r m i n a n c y . This is not
meant to require expansion joints or other similar devices which have
given des igne rs problems in earthquakes; the intent is to make super-
structure component stress levels i ndependent of support displacements.

In areas where bedrock is near the surface , caissons to rock provide
the  most reliable , al though probably the most expensive , type of founda-
tion . In regions where li quefaction will occur , vertical piles have
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been found  to have i n s u f f i c i e n t  l a t e r a l  s t a b i l i ty . When the soi l  becomes
li q u e f i e d , the horizontal restraint is lost , and the pile may experience
l a rge  l a t e r a l  d i sp l ace men t s .  Th i s  is n ot su rp r isi ng co n side r i n g the
long unb raced  l eng th  of the  p i le  and i ts  load .  Thus p iles , even though
d r i v e n  in to competent material below a potentially liquefiable zone and
des igned  not to re l y on f r i c t i o n  in the liquefiable zone , may still fail
because  of excess ive  h o r i z o n t a l  m o t i o n  or f rom b u c k l i n g  over i ts  unsup-
ported length.

In the A l a s k a n  ea r thquake , heavy objects  ( au tomobi l e s , st ruc tu res ,
etc.) g r a d u a l l y settled into the quicksand . In several  cases , l i ghtwei ght
buried structures floated to the  s u r f a c e .  This may be a p rob lem f o r
Navy drydocks , sewage treatmen t tanks , and similar structures which
displace large amounts of soil but have relatively li gh t wei ght.

Waterfront bulkheads are especially vulnerable to liquefaction of
the backfill since they are often backfilled with loose sand . It is
difficult to compact the backfill below the water level. The quay walls
and bu lkheads  in dock a reas  o f t e n  suffer major damage during earthquakes
f rom the l i quefied backfi lls which exert higher pressures than those for
which the walls are designed.

Shallow , l ow pressure footings mi ght be suited for liq u e f a c t i o n
whi ch does not propagate to the surface and cause bearing failure . The
eng ineer must make foundation choice based on the specifics of the site ,
the types of st ru cture , and loads . In any case , the structure mus t be
desi gned such t ha t  the c o m b i n a t i o n  of dead and l ive load and l i q u e f a c t i o n
d i s p l a c e m e n t  do not r e s u l t  in  o v e r s t r e s s i n g  at  any point .

PROBABILITY OF OCCURRENCE

To evalua te the risk of li quef act ion at a site , both the damage
from li quefaction and the  p robabi l i t y of occurrence m us t  be reviewed
together. To accomp lish this , the designer should prepare a list of
magnitudes of earthquakes from results of liquefaction anal yses showing:
( I )  no l i q u e f a c t i o n , (2)  li q u e f a c t i o n  of subsurface layer without
w i d e s p r e a d  p ropaga t ion , (3) l i q u e f a c t i o n  of s u b s u r f a c e  layer  w i t h  propa-
gation to found ation support level , and (4) liquefac tion propagating to
s u r f a c e .  These levels of l i q u e f a c t i o n  should then be correlated to the
p r o b a b i l i t y  tha t  a s p e c i f i c  m a g n i t u d e  ea r thquake  occurs . Depending on
the method fo r  a n a l y s i s , uncert a i n t i e s  i n  a cce l e r a t i on , r e la t ive  dens i t y ,
an d soi l st ren gt h ma y be i n c l u d e d .

An examp le of t h i s  w i l l  be shown . Let us consider a s i te  at  a
known distance from a fault. The site acceleration and standard devia-
t i on  may be estimated from Ferritto (1978). The number of earthquake
cycl es and standard deviation may be estima ted from Figure 3-24. The
soil’ s relative density and s t a n d a r d  dev i a t i on  may be de termined , as
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discussed in Chapters 2 and 3, from labora tory or field tests , and the
soi l  st reng th and stand a rd devi at ion , in the absence of actua l data , may
be estimated from Ferritto and Forrest (1978). U s i n g  the simp l i f i e d
calculation procedure , a factor of safety may be determined directly.
However , a Monte Ca r lo  s i m u l a t i o n  can be performed taking the four
variables (soil strength , relative densi ty, si te acceleration , and
n umber of e a r t h q u a ke cyc les)  as r ando m , n o rm a l l y d i s t r i bu ted va lues ,
shaped by their means and standa rd deviations.

Consid er the following case where the distance to the fault is
40 m i l e s ;  then the ground motion for various magnitude earthquakes is
g ive n in Table 5-2.

Assu me a case where the r e l a t i ve  dens i ty  is 0.60 with standard
dev i a t i on  of 0.06 and the soil s t rength  as ind ica ted  in Figure  3-7 ;
then , by I:sing simp le Monte Carlo s imula t ion  (see A p p e n d i x ) ,  the proba-
b i l i t y  of li quefaction may be de termined as a f u n c t i o n  of earthquake
magn i tude , as shown In Table 5-3. The probabili ty of an earthquake
occur r ing  and causing l i q u e f a c t i o n  may be es t imated  by use of recu r rence
data for a faul t (usually expressed as a number of events per year for
magni tude greater than or equa l to H). The recurrence data are used to
determine  t h e  number  of events  expected between a m a g n i t u d e  inc rement ,
M.  to M.  + 1. The expected number of earthquake events per year is
m u l t i p li e d  by the number of years  fo r  the life of the structure and by
the  a verage p r o b a b i l it y of l i q u e f a c t i o n occ u r r i n g for the magnitude
range N .  to N.  + 1 to yield the expected number of earthquakes causing
l i q u e f a c t i ons fo r  the f a u l t , t ime period and magn i tude  inc rement .  The
expected number of earthquakes causing liquefaction , X, is used to
compute the probability of an earth quake occurring and caus ing  l i quefac-
t ion by a Poisson ’s distribution

-x
~LE 1 - e

Assuming  the f a u l t  to be a typ ical  f a u l t  system in California with
speci f i c  recurrence in t e rva l s  (numbe i of ea r th quakes pe r y e a r ) ,  the
p r o b a b i l i t y  of an e a r t h q u a k e  o c c u r r i n g  and c a u s i n g  l i q u e f a c t i o n  is shown
i n  Table  5-4.

For t h i s  example the h ighes t  p r o b a b i l i t y  of l i q u e f a c t i o n  in the
50-year span is 0.046 from a magnitude 8 e a r t h q u a k e . The most probable
ear thquake causing liquefaction may occur at any magnitude and is a
f u n c t i o n of f a u l t  a c t i v i t y  and s i te  condi t ions . The consequences and
ex ten t  of l i que fac t ion  for  the most probable  magni tud ’~ ea r thquake  should
be determined. (Although the consequences from other magnitude earth-
quakes will be greater , the probability is lower.) Thus , level:., of
da mage and extent  of propagat ion  of l i q u e f a c t i o n ca n be de t e rm in ed a s a
f u n c t i o n  of m a g n i t u d e  and p r o b a b i l i t y  of occur rence .
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Tab le  5—2.  Ground ~ ot i o n

Number
Number . AccelerationEarthquake of Cycles Accelerationof StandardMagnitude Standard (g)Cycles . . Devia t ion  (g)Deviation

5.0 3 . 6 7  3 .64  0.00 5 0.0056

5.5  4 .86  3 . 9 2  0.0 143 0.0146

6.0 6 . 4 3  4.11 0.0303 0.0309

6.5  8.51 4.14 0.0516 0 .0527

7 . 0  11.27 5.81 0.0711 0 . 0 7 2 5

7.5 14.92 8.19 0.0790 0.0806

8.0 19.76 11.52 0.0790 0.0806

Table 5— 3.  P r o b a b i l i t y  of Li q u e f a c t i o n

Earth quake Probability of M e d i a n  Fac torM a g n i t u d e , L i q u e f a c t i o n ,
M P

L
(M) of S a f e t y

5.0 0.000 >10

5.5 0.000 >10

6.0 0.007 5.38

6.5 0.047 3.06

7.0 0.097 2.22

7.5 0.165 1.81

8.0 0.218 1.67
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The o v e r a l l  r i s k  to a s t r u c t u r e  may be dete rmined based on the
p r o b a b i l i t y  of occurrence  of l iqu e f a c t i o n  and the consequences shou ld  i t
occur .  I t  is also obvious that  the unce r t a in ty  associated wi th the
ability to predict earthquake motion and to determine site properties
results in some probability of lique faction even though the median
factor of safety is greater than 1.0. Thus , a degree of conservatism
must be exercised until more accurate site definition and earth quake-
motion data become available.

Using the Monte Carlo simulation technique , graphs may be dev e loped
which show the factor of safety and probabili ty of liquefaction as a
function of earthquake magnitude , dis tance from the fault , and rela tive
densi ty of the soil at the site (Figures 5-2 through 5-6). The ground-
water table is assumed to be at a depth of 5 feet and the occurrence of
li quefaction at a depth of 20 feet. Figure 5-2 shows the factor of
sa fe t y for  var ious  confidence l imi t s .

CRITERIA FOR SITES

The c r i t e r i a  fo r  se lect ion of s i tes should be based on e a r t h quakes
wi th  t he fo l lowing  magni tudes :

MA recurrence , once in 10 years

M B = recurrence , once in 25 yea r s

= recurrence , once in 50 years , or desi gn level ear thquake

ND recurrence , once in 200 yea r s , or the max imum c red ib le
ear thqua ke

Under the proposed c r i t e r i a  the s i t e  is considered acceptab le  if
t he mean-minus-one-s tandard-dev ia t ion  f ac to r  of s a f e t y  FSm_ (84% confi-
dence limit) and the probability of an earthquake causing l~quefaction

~LE 
are as show n in Table 5-5. Note tha t  the p robab i l i t y  includes  the

occurrence of an earthquake and is not simply the probability of liquefac-
tion.

It should be noted that in the proposed criteria liquefactior’ is
a llowed to occur for  the N ea r thquake  (maximum credible  ea r thquake )  as
lo ng as it remains confines  to subsur face  layers , does no t cause bear i n g
f a i l ures , or produce unacceptable hor izon ta l  and ver t ica l  d i sp lacements .
Since the displacements would be limited , acceptable levels of damage
woul d be imposed on th e s t r u c t u res , and collapse would not occur .
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In the proposed siting cr i t er ia , the accep tabi l it y of a s i te  depends
on whethe r the value of the p r o b a b i l i t y  of a design level ear thquake
cau sing l i que fac t i on  is <0.10. This value is based solely on engineering
judgment . By compar i son , the Naval Faci l i t i es  Engineering Command , as a
basis  fo r s t r u ctu ra l design , uses a n ear thq ua k e wi t h a probability of
o c c u r r i ng , or bei n g ex ceeded , of 0.1 in 25 years  ( the approximate  design
l i f e  of typical  Naval  s t r uc tu r e s ) .  The cr i ter ion proposed here is somewhat
more conserva t ive in th a t it suggests u se of 50 years . Fur ther , the
occur rence  of l iq ue f a c t i o n  does not alwa ys resul t  in co llapse of the
s t r u c t u r e . I t  is very d i f f i c u l t to quant i f y the dollar value of a
f u n c t i o n i n g  s t r u c t u r e . The va lue  of human l i f e  has a lways  been of
highest importance in the United States. Engineers are often faced with
problems asking , “How safe is safe enough?” An economic analysis may be
of use in comparing alternatives to produce the best return .

In the proposed criteria it should be pointed out that the total
probab i l i t y  of l i que fac t i on  is the sum o f the indi v id ua l probabi l i t ies
of li q u e f a c t i o n  for  a g iven magni tude  e a r t h q u a k e , 

~LE ’ taken over a l l
the magnitudes. However , this value is misleading since the consequences
if liquefaction were to occur would be very different from a brief
period of liquefaction caused by a magnitude 5 earthquake than from a
prolonged period with a magnitude 8 earthquake. The criterion attempts
to l i m i t  overa l l  exposure by limiting the function at several selected
po in t s  r ep resen t ing  a desi gn ea r th quake . Note the dua l criteria of
f a c t o r  of s a f e t y  and p r o b a b i l i t y . Table 5-5 is intended to present  a
p rocedure  whose numer ica l  va lues  can on ly  be de te rmined  f rom experience .
The numbers used in the table are intended to represe it  the approximate
level of conserva t i sm which is compatible  w i t h  present  eng ineer ing
pract ice  and should not result  in major  cons t ruc t ion  cost increases .

If the earthquake motions are specified at the ground surface , then
the st resses developed in , sa y ,  the upper 40 feet  of a soil deposi t  can
be assessed. The preceding pages have discussed at length the procedures
requ i r ed  to ma ke a good assessment of the stresses required to cause
i n i t i a l  l i q u e f a c t i o n  or a g iven degree of s t r a i n .  The f ina l accep tab le
factor of safety will clearly depend on the accuracy with which each of
these i n d i v i d u a l assessments  can be made in any given case .

A further consideration which must be taken into account in deter-
mining what value constitutes an acceptable factor of safety is the
consequences arising , if for  some reason the actua l factor of safety
should be reduced to u n i t y . Clearly , this is very different in the case
of a loose sand with a relative density of about 54% as opposed to the
same sand in a dense condition , say with a relative density of 82%.
Seed (1976) reports in his studies that the limiting strain for Monterey
No. 0 sand at 54% relative density is +30%, while the limiting strain
fo r  t h e same sand at 82% relative density is only +10%. The stress
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condi tions producing these conditions are shown graphicall y in Figure
5 — 7 .  Seed (1976) shows that  if  the stress ra t io  caus ing 5% s t r a i n  at  a
rela tive density of 54% is even slightly exceeded , then the sand will
undergo strains up to +30% with almost certain catastrophic consequences.
Uowever , if the stress r a t io  causing 5% strain at a relative density of
82% is slightly exceeded , the only result would be to cause a strain of
perhaps 6%, and no more than 10%, even if the f a c t o r  o f sa f et y sh ou ld
drop to 0.5 or even lower.

DISCUSSION

This report is intended to provide guidance to an engineer with a
problem of siting a structure in an area where potentially liquefiable
soils e x i s t .  The range of methods for  predicting the occurrence of
liquefac tion has been given. The choice of a method is a function of
the available information and size of the study . Methods were given to
estimate soil displacement. Althoug h these are admi ttedly crude , some
means of determining the consequences of liquefaction must be used. It
is in th is  area that  ex is t ing  knowled ge is most  l im ited a n d to which
f u t u r e  researc h should be d i rec ted .  -
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Appendix

MONTE CARLO SIMULATION

COMPUTAT I ON PROCEDURE

This sect ion w i l l  descr ibe  the Monte Car lo  methodology developed to
compu te the probability of liquefaction of a soil profile composed of a
series of horizon tal layers . The methodology has been programmed on a
computer and is most easily explained in terms of the computational
steps in the program. The computer program is composed of a main program
and eight subroutines. The basic input information consists of the
magni tude of the earthquake under considera t ion , the horizontal distance
of the closest point on the associated fault to the site , the number of
soil layers in the profile , the mate rial properties of each layer and
locat ion of the water table. The material properties consist of the
total and effective unit weights of the layer , the layer thickness , and
t he layer  r e la t ive  densi ty .

The main program calls the Subroutine ACC which computes the site
accele ra t ion  and i ts s tandard  devia t ion  us ing  a ground motion attenuation
rela t i o n ship  a n d the input  ma gn i t u d e  an d s i t e  d i s t a n ce. Th e spe c i f i c
relationship used is that developed by Trifunac and Brad y (1975) although
any other could have been used. The main program calls Subroutine CYC ,
which computes the number of equivalent uniform cycles and its standard
dev i a t i on  using a r e l a t i o n s h i p  based on data by Seed , et al. (1975) and
t he magni tude  of the ear thquake . The main  program computes the to ta l
and e f f e c t iv e s tress  fo r  each laye r of the p r o f i l e  u s i ng  the u n i t  wei ght
input  for  each la ye r .  Having developed a l l  the above p re l imina ry  infor-
ma t ion  the main  program cal ls  the Subrout ine  PRL IQ where the Monte Car lo
process  i s  c a r r i ed  out .

S u b r o u t i n e  PRLIQ e s s e n t i a l ly  cons is ts  of a looping sequence in
which  specif ic  va lues of each of the four  va r i ab l e s  (accelera t ion ,
number cycles , relative density , soil strength) are selected and combined
to compute a specific factor of safety against liquefaction . The Subrou-
tine RFU is called for each variable; this subroutine returns a random ,
normally distributed variable using the direct method for generation of
norma l l y d i s t r i b u t e d  numbers . Subrou t ine  ITS is ca l led  by Subrout ine
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PRLIQ ; this subroutine computes the soil stress ratio and its standard
devia tion using a generalized expression for soil strength based on data
and the specific value of the number of cycles of excitation. A random
normal distribution value for stress ratio is then determined.

Having the specific values for acceleration , number of cycles ,
re!~itive density and soil stress ratio the factor of safety is computed
b y the method deve loped b y Seed and I d r i s s  (19 70 ) .  The factor of safety
is computed for each iteration ; although each variable has been obtained
from a norma l d i s t r i b u t i o n  the resultin g dis tr ib ut ion fo r  the fac tor of
s a f e t y is not a norma l d i s t r i b u t i o n .  The process is repeated 1 ,000
t i m e s .  S u b r ou t i n e  SORT i s  c a l l e d  to sort the a r r a y  cons is tng  of f a c t o r
of s a f e t y  v a l u e s .  The l a s t  is  e v a l u a t e d  and the  number  of v a l u e s  less
t h a n  1 .0 fo rm s the  bas i s  fo r  compu ta t ion of p r o b a b i l i t y  of l i que fac t ion .
The a r r a y  of f a c t o r  of s a f e t y  v a l u e s  is p l o t t e d  as a h i s t o g r am to show
its distribution. This program has been used with Program APOLLO
described in Chapter 4 to compute pore pressure histories in each layer.

USER’S GUIDE

The program is intended as a first approximation for evaluation of
si tes using standard penetration data. As such , triaxial test data
wo ld not be a v a i l a b l e  ( such  as for  r o u t i n e  s t r u c t u r e s )  and data  is
based on a r ep o r t b y Fe r r i t t o  a n d Forrest (1977).

User ’ s Guide

Card 1 Forma t 2 F l O . 2
Magni tude
D i s t a n c e , m i l e s

Card 2 Forma t 110
Number layers

Card 3 Forma t 8F1O.2
One card for each l ayer
Laye r number  3E f f e c t i v e  Un i t  Weight , 1~ / f t
Tota l  U n i t  Wei ght , lb/ft
La y er t h i c k n ess , f t
Relative density, . xx -
Sta ndard dev ia t ion  r e l a t i ve  d e n s i t y ,  - xx
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